Design, manufacture and testing of a multi-platform Mach scale composite rotor blade by Johnston, V
  
 
 
 
DESIGN, MANUFACTURE AND TESTING OF 
A MULTI-PLATFORM MACH SCALE 
COMPOSITE ROTOR BLADE 
 
 
 
A thesis submitted in fulfilment of the requirements for the degree of                         
Master of Engineering 
 
 
Vivian G. Johnston 
B.Eng. (Aero) (Hons 1
st
 Class) 
 
 
School of Aerospace, Mechanical and Manufacturing Engineering 
College of Science, Engineering and Health 
RMIT University 
March 2011
  
 ii 
Declaration 
I certify that except where due acknowledgement has been made, the work is that of the 
author alone; the work has not been submitted previously, in whole or in part, to qualify for 
any other academic award; the content of the thesis is the result of work which has been 
carried out since the official commencement date of the approved research program; and, any 
editorial work, paid or unpaid, carried out by a third party is acknowledged; and, ethics 
procedures and guidelines have been followed.  
 
 
Vivian G. Johnston 
March 3, 2011 
  
 iii 
Acknowledgements 
Throughout my MEng project significant contributions were made by some very generous 
individuals and organisations, making the project not only possible, but worthwhile and 
enjoyable as well.  
I am extremely grateful for my excellent supervisors, Prof. Adrian Mouritz and Dr Peter 
Hoffmann. I thank them for their encouragement, guidance and support throughout the 
project, and for believing in me to turn a paper concept into a flying reality. 
Very special thanks go to Victor Symonds from Arrow Falcon in Porterville for providing 
difficult to obtain aircraft data and statistics. I would also like to thank Van Horn Aviation in 
Arizona for kindly taking time to give me a very detailed site visit. It was inspiring seeing a 
small company produce high technology composite tail rotor blades. 
I also thank Andreas Mallad from the Advanced Composites Group. He has been very 
supportive by providing technical material data and mould information as well as setting up a 
number of site visits. The site visit to Eurocopter in Germany was invaluable. 
I would also like to thank Prof. Inderjit Chopra, Dr J. Gordon Leishman and Dr Jason Pereira 
for showing me the facilities and capabilities of the University of Maryland and the Alfred 
Gessow Rotorcraft Center. This was an inspiring visit, allowing me to meet some of the great 
rotorcraft analysts, and observe their state-of-the-art facilities. 
Special thanks go to Peter Gibson from Evonik Degussa GmbH who was very generous, 
providing sample Rohacell core material for the blades. He also supplied excellent technical 
data and references. 
I am very grateful to all the RMIT technical support staff who helped me. I would like to 
especially thank Mark Overend for his tireless CNC work. The successful baseline blade 
moulds are testament to his attention to detail. I must also thank David Latter who overlooked 
my inexperience and helped me produce the circuit boards for the data acquisition system. 
I must also acknowledge the financial assistance of an Australian Postgraduate Award, 
without which this project would have been all the more difficult. 
Finally, I thank my family for their support, ideas, guidance and belief in the project. Without 
them I would not be where I am today, nor have the opportunities that are before me. 
 iv 
Table of Contents 
DECLARATION .................................................................................................................................................. II 
ACKNOWLEDGEMENTS ............................................................................................................................... III 
TABLE OF CONTENTS .................................................................................................................................... IV 
LIST OF FIGURES .......................................................................................................................................... VIII 
LIST OF TABLES ............................................................................................................................................. XV 
LIST OF ABBREVIATIONS AND ACRONYMS ........................................................................................ XVI 
LIST OF SYMBOLS ...................................................................................................................................... XVII 
SUMMARY ............................................................................................................................................................ 1 
CHAPTER 1 INTRODUCTION .......................................................................................................................... 3 
1.1 HISTORICAL BACKGROUND ....................................................................................................................... 4 
1.2 TARGET AIRCRAFT .................................................................................................................................... 7 
1.3 RESEARCH OBJECTIVES ............................................................................................................................. 9 
1.4 THESIS OUTLINE ...................................................................................................................................... 10 
CHAPTER 2 LITERATURE REVIEW ............................................................................................................ 12 
2.1 INTRODUCTION ........................................................................................................................................ 12 
2.2 COMPOSITE ROTOR BLADES .................................................................................................................... 13 
2.2.1 Historical Development .................................................................................................................. 13 
2.2.2 State-of-the-Art Composite Rotors ................................................................................................. 22 
2.3 DESIGN OF COMPOSITE ROTOR BLADES .................................................................................................. 27 
2.3.1 Teetering Rotors.............................................................................................................................. 28 
2.3.2 Aerodynamic Design ...................................................................................................................... 29 
2.3.3 Structural Design ............................................................................................................................ 34 
2.3.4 Dynamic Design.............................................................................................................................. 37 
2.3.5 Conclusions ..................................................................................................................................... 41 
2.4 MACH SCALE BLADES ............................................................................................................................. 41 
2.4.1 Rotor Blade Scaling ........................................................................................................................ 42 
2.4.2 Case Studies of Mach Scale Blades ................................................................................................ 48 
2.4.3 Conclusions ..................................................................................................................................... 56 
2.5 MANUFACTURE OF COMPOSITE ROTOR BLADES ...................................................................................... 56 
2.5.1 Manufacturing Methodologies ........................................................................................................ 57 
2.5.2 Root Interface ................................................................................................................................. 61 
 v 
2.5.3 Conclusions ..................................................................................................................................... 64 
2.6 EXPERIMENTAL TESTING OF MACH SCALE BLADES ................................................................................ 65 
2.6.1 Mach Scale Blade Test Rigs ........................................................................................................... 65 
2.6.2 Conclusions ..................................................................................................................................... 70 
2.7 SUMMARY AND OUTCOMES OF LITERATURE REVIEW .............................................................................. 70 
CHAPTER 3 NUMERICAL MODELLING AND ANALYSIS ...................................................................... 72 
3.1 DATA ENTRY SYSTEM ............................................................................................................................. 73 
3.2 AERODYNAMICS MODEL.......................................................................................................................... 75 
3.2.1 2-D Flow Analysis .......................................................................................................................... 79 
3.2.2 Aerofoil Distribution ....................................................................................................................... 80 
3.2.3 Twist and Taper .............................................................................................................................. 80 
3.2.4 Atmosphere ..................................................................................................................................... 81 
3.2.5 Tip Loss .......................................................................................................................................... 81 
3.2.6 Wake Rotation ................................................................................................................................ 82 
3.2.7 Blade Vortex Interaction ................................................................................................................. 82 
3.3 STRUCTURES MODEL ............................................................................................................................... 82 
3.3.1 Cross-Sectional Blade Model .......................................................................................................... 84 
3.3.2 Stress Analysis ................................................................................................................................ 89 
3.4 DYNAMICS MODEL .................................................................................................................................. 91 
3.4.1 Free Response Analysis .................................................................................................................. 94 
3.4.2 Forced Response Analysis ............................................................................................................ 103 
3.5 CONCLUSIONS ........................................................................................................................................ 111 
CHAPTER 4 MACH SCALE COMPOSITE BLADE DESIGN .................................................................. 112 
4.1 DESIGN AIM AND METHODOLOGY ......................................................................................................... 113 
4.2 DESIGN DATA FOR REFERENCE BLADES ................................................................................................ 114 
4.2.1 Kiowa OH-58A/C Hub ................................................................................................................. 116 
4.2.2 Hiller UH-12E and UH-12L Hub .................................................................................................. 117 
4.2.3 Mach Scaling ................................................................................................................................ 119 
4.3 AERODYNAMIC DESIGN ......................................................................................................................... 122 
4.3.1 Hover ............................................................................................................................................ 122 
4.3.2 Forward Flight .............................................................................................................................. 139 
4.4 STRUCTURAL DESIGN ............................................................................................................................ 145 
4.4.1 Materials ....................................................................................................................................... 146 
4.4.2 Fatigue .......................................................................................................................................... 150 
4.4.3 Impact ........................................................................................................................................... 151 
4.4.4 Lightning ....................................................................................................................................... 152 
4.4.5 Critical Load Cases ....................................................................................................................... 152 
4.4.6 Spar Wall Offset ........................................................................................................................... 155 
 vi 
4.4.7 Mass and Stiffness Distribution .................................................................................................... 155 
4.4.8 Design Loads ................................................................................................................................ 163 
4.4.9 Blade Lug Design ......................................................................................................................... 168 
4.4.10 Stress Analysis .............................................................................................................................. 171 
4.5 DYNAMIC DESIGN .................................................................................................................................. 174 
4.5.1 Free Response ............................................................................................................................... 174 
4.5.2 Forced Response ........................................................................................................................... 181 
4.6 CHORDWISE RESTRAINT ........................................................................................................................ 182 
4.6.1 Kiowa Root Design ....................................................................................................................... 184 
4.6.2 Hiller Root Design ........................................................................................................................ 187 
4.7 CONCLUSIONS ........................................................................................................................................ 191 
CHAPTER 5 MANUFACTURE OF MACH SCALE COMPOSITE BLADES ......................................... 192 
5.1 MANUFACTURING METHODOLOGY ........................................................................................................ 193 
5.2 TOOLING DESIGN AND MANUFACTURE.................................................................................................. 196 
5.2.1 Blade Model .................................................................................................................................. 197 
5.2.2 Mould Manufacture ...................................................................................................................... 198 
5.3 ROOT CONSOLIDATION .......................................................................................................................... 201 
5.4 SPAR AND AFTERBODY CORE ................................................................................................................ 203 
5.5 BASELINE BLADE MANUFACTURE ......................................................................................................... 203 
5.5.1 Spar ............................................................................................................................................... 204 
5.5.2 Afterbody Bonding ....................................................................................................................... 206 
5.5.3 Finishing Operations ..................................................................................................................... 208 
5.6 IMPROVE BLADE MANUFACTURE .......................................................................................................... 210 
5.7 CURE CYCLE .......................................................................................................................................... 213 
5.8 QUALITY CONTROL ............................................................................................................................... 214 
5.9 WEIGHT BREAKDOWN ........................................................................................................................... 215 
5.10 CONCLUSIONS ................................................................................................................................... 216 
CHAPTER 6 EXPERIMENTAL ANALYSIS OF MACH SCALE COMPOSITE BLADES.................... 217 
6.1 WHIRL RIG CONSTRUCTION ................................................................................................................... 218 
6.1.1 Data Acquisition ........................................................................................................................... 221 
6.2 BLADE ALIGNMENT AND STATIC BALANCING ....................................................................................... 226 
6.3 BLADE TRACK AND DYNAMIC BALANCING ........................................................................................... 227 
6.4 MACH SCALE BLADE TESTING METHOD ............................................................................................... 228 
6.5 SOURCES OF ERROR ............................................................................................................................... 230 
6.6 TESTING RESULTS AND NUMERICAL MODEL VALIDATION .................................................................... 234 
6.6.1 Reynolds Number and Mach Number Effects .............................................................................. 237 
6.6.2 Prediction of Full-Scale Baseline and Improved Blade Performance ........................................... 238 
6.7 DISCUSSION ........................................................................................................................................... 239 
 vii 
6.7.1 Acoustic Investigation .................................................................................................................. 243 
6.8 CONCLUSIONS ........................................................................................................................................ 245 
CHAPTER 7 COMPOSITE BLADE CERTIFICATION ............................................................................. 247 
7.1 CERTIFICATION AND AIRWORTHINESS REQUIREMENTS ......................................................................... 247 
7.1.1 Certification Basis ......................................................................................................................... 248 
7.1.2 Applicable Regulations ................................................................................................................. 249 
7.1.3 Manufacturing Approvals ............................................................................................................. 250 
7.2 CONCLUSIONS ........................................................................................................................................ 251 
CHAPTER 8 CONCLUSIONS ........................................................................................................................ 252 
8.1 NUMERICAL MODELLING AND ANALYSIS TOOLS .................................................................................. 252 
8.2 DESIGN, MANUFACTURE AND TESTING OF AN IMPROVED COMPOSITE BLADE ...................................... 253 
8.3 MULTI-PLATFORM COMPOSITE BLADE DESIGN ..................................................................................... 254 
8.4 CONCLUSIONS ........................................................................................................................................ 255 
CHAPTER 9 REFERENCES ........................................................................................................................... 256 
Appendix A Dynamics Formula Development ................................................................................................... 268 
Appendix B Hiller UH-12L Hover Performance and Fan Plots .......................................................................... 274 
Appendix C Stress Analysis Results ................................................................................................................... 283 
 
  
 viii 
List of Figures 
FIGURE 1-1 CARSON S-61 COMPOSITE ROTOR BLADES (COURTESY OF QINETIQ AND THE U.K. MOD) .................... 4 
FIGURE 1-2 BELL 47 WOODEN BLADE – CONVENTIONAL NACA 0012 AEROFOIL ..................................................... 6 
FIGURE 1-3 BELL 206 JETRANGER ALUMINIUM BLADE – DROOP SNOUT AEROFOIL .................................................. 6 
FIGURE 1-4 BELL 412 COMPOSITE BLADE – INBOARD HIGH LIFT AEROFOIL .............................................................. 6 
FIGURE 1-5 AUSTRALIAN KIOWA OH-58A (206B-1) (COURTESY OF GEORGE CANCIANI) ...................................... 8 
FIGURE 1-6 HILLER UH-12E (COURTESY OF TONY ZELJEZNJAK) ............................................................................ 8 
FIGURE 2-1 BLADE DEVELOPMENT FLOWCHART .................................................................................................... 13 
FIGURE 2-2 CRACK PROPAGATION FOR ALUMINIUM AND COMPOSITE BLADES [10] ................................................ 14 
FIGURE 2-3 BELL AH-1Z COBRA COMPOSITE ROTOR BLADE [14] .......................................................................... 15 
FIGURE 2-4 BELL 214 COMPOSITE ROTOR BLADE [17] ............................................................................................ 16 
FIGURE 2-5 BELL 206L FOUR-BLADED COMPOSITE ROTOR BLADE [18] .................................................................. 16 
FIGURE 2-6 WESTLAND SEA KING S-61 BERP COMPOSITE ROTOR BLADE [22] ..................................................... 18 
FIGURE 2-7 SIKORSKY H-60 (BLACK HAWK) COMPOSITE ROTOR BLADE [27] ........................................................ 18 
FIGURE 2-8 HUGHES HELICOPTERS COMPOSITE BLADE UPGRADE FOR THE YAH-64 [30] ...................................... 19 
FIGURE 2-9 BOEING CH-47 CHINOOK COMPOSITE ROTOR BLADE [35] ................................................................... 20 
FIGURE 2-10 BERP BLADE PERFORMANCE ON ADVANCING AND RETREATING SIDES [2] ........................................ 22 
FIGURE 2-11 BERP IV ADVANCED COMPOSITE ROTOR BLADE [25] ....................................................................... 23 
FIGURE 2-12 BERP IV BLADES ON THE AW101 DEDICATED TRIALS AIRCRAFT [25] ............................................. 23 
FIGURE 2-13 TYPICAL IN-MOULD PRESSING PRESSURE/TEMPERATURE CYCLE ADAPTED FROM REF. [51] ............. 25 
FIGURE 2-14 LYNX COMPOSITE ROTOR BLADE WITH ROHACELL PMI CORE [52] ................................................... 26 
FIGURE 2-15 EH101 COMPOSITE BLADE CROSS-SECTION FEATURING A ROHACELL PMI CORE [52] ...................... 26 
FIGURE 2-16 BELL 206 JETRANGER TEETERING ROTOR HEAD (SIMILAR TO KIOWA OH-58C) ............................... 28 
FIGURE 2-17 BLADE LIFT DISTRIBUTION WITH AND WITHOUT FLAPPING [59] ......................................................... 28 
FIGURE 2-18 HILLER UH-12L HUB ........................................................................................................................ 29 
FIGURE 2-19 AERODYNAMIC ENVIRONMENT OF THE HELICOPTER [1] .................................................................... 30 
FIGURE 2-20 PAST, PRESENT, AND PREDICTED FUTURE AEROFOIL PERFORMANCE [2] ............................................ 31 
FIGURE 2-21 INFLUENCE OF TAPER ON THE AERODYNAMIC PERFORMANCE OF A TEETERING ROTOR [60] .............. 32 
FIGURE 2-22 INFLUENCE OF TWIST ON THE AERODYNAMIC PERFORMANCE OF A TEETERING ROTOR [60] .............. 33 
FIGURE 2-23 EXAMPLE FORWARD FLIGHT ANGLE OF ATTACK CONTOUR PLOT [59] ............................................... 34 
FIGURE 2-24 (A) BASELINE CROSS-SECTION AND (B) OPTIMISATION RESULT [70] ................................................... 36 
FIGURE 2-25 FAN PLOT FOR THE FIRST THREE NATURAL FREQUENCIES ADAPTED FROM REF. [74] ......................... 39 
FIGURE 2-26 POSSIBLE FORWARD FLIGHT THRUST DISTRIBUTION [74] ................................................................... 40 
FIGURE 2-27 SCALE BLADE FORWARD FLIGHT TESTING BY SIKORSKY [83] ............................................................ 42 
FIGURE 2-28 INFLUENCE OF REYNOLDS NUMBER ON STALL CHARACTERISTICS [85] ............................................. 44 
FIGURE 2-29 REYNOLDS NUMBER AND SOLIDITY INFLUENCE ON SCALE BLADE PERFORMANCE [89] ..................... 45 
FIGURE 2-30 EFFECT OF BLADE ELASTICITY AND REYNOLDS NUMBER ON FULL-SCALE PERFORMANCE PREDICTION 
[89] ............................................................................................................................................................... 47 
FIGURE 2-31 QUARTER-SCALE UH-1 MODEL WITH ADVANCED COMPOSITE BLADES [95] ...................................... 49 
FIGURE 2-32 UH-1 BASELINE AND IMPROVED COMPOSITE ROTOR BLADE GEOMETRIES [93] .................................. 49 
 ix 
FIGURE 2-33 UH-1 HOVER PERFORMANCE [93] ...................................................................................................... 50 
FIGURE 2-34 ELASTICALLY TAILORED COMPOSITE ROTOR TEST SETUP FOR THE UH-60 [48] ................................. 52 
FIGURE 2-35 EXAMPLE MACH SCALE BLADE MATCHED DIE MOULDING SYSTEM [96] ............................................ 53 
FIGURE 2-36 UH-60 MACH SCALE COMPOSITE BLADE DESIGN [44] ....................................................................... 53 
FIGURE 2-37 ABC MACH SCALE BLADE [98] ......................................................................................................... 54 
FIGURE 2-38 ABC MACH SCALE BLADE CONSTRUCTION FEATURES ADAPTED FROM  REF. [98] ............................. 55 
FIGURE 2-39 (A) ABC MATCHED DIE MOULDS [98] AND (B) ABC WIND TUNNEL TESTS [99] ................................. 55 
FIGURE 2-40 EXAMPLE COMPOSITE BLADE CROSS-SECTIONS [100] ........................................................................ 57 
FIGURE 2-41 TRADITIONAL AMERICAN MANUFACTURING METHOD [16] ............................................................... 58 
FIGURE 2-42 MD 900 EXPLORER SPAR MANUFACTURE INVOLVING (A) THE BLADE SPAR, (B) SPAR BLADDER AND 
(C) HEATED PRESS [101] ............................................................................................................................... 59 
FIGURE 2-43 BELL 429 COMPOSITE BLADE ............................................................................................................. 60 
FIGURE 2-44 TYPICAL EUROCOPTER BLADE CROSS-SECTION ................................................................................. 61 
FIGURE 2-45 ROOT INTERFACE DESIGNS [100] ....................................................................................................... 62 
FIGURE 2-46 ROOT INTERFACE DESIGNS FOR THE KIOWA OH-58A/C [12] ............................................................ 63 
FIGURE 2-47 INTEGRAL LEAD-LAG RESTRAINT DESIGN [62] ................................................................................... 63 
FIGURE 2-48 TITANIUM GRIP PAD LEAD-LAG RESTRAINT DESIGN [61] ................................................................... 64 
FIGURE 2-49 GENERAL ROTOR MODEL SYSTEM INTERNAL SYSTEMS [104] ........................................................... 66 
FIGURE 2-50 U.S. ARMY 2-METER ROTOR TEST SYSTEM [105] ............................................................................ 67 
FIGURE 2-51 ROTOR TEST RIG IN THE MODANE S1 WIND TUNNEL [107] ................................................................ 68 
FIGURE 2-52 FULLY ARTICULATED SCALE ROTOR HUB [99] ................................................................................... 68 
FIGURE 2-53 PYLON ROTOR TEST RIG AT DSTO [103] ........................................................................................... 69 
FIGURE 3-1 GENERIC DATA GUI USED FOR COUPLING THE AERODYNAMICS, STRUCTURES AND DYNAMICS MODELS
 ..................................................................................................................................................................... 74 
FIGURE 3-2 AERODYNAMICS ANALYSIS GUI FOR HOVER ....................................................................................... 76 
FIGURE 3-3 AERODYNAMICS ANALYSIS GUI FOR FORWARD FLIGHT ...................................................................... 77 
FIGURE 3-4 2-D FLOW SOLUTION PROCESS ............................................................................................................. 79 
FIGURE 3-5 STRUCTURES ANALYSIS GUI ............................................................................................................... 83 
FIGURE 3-6 TYPICAL COMPOSITE BLADE CROSS-SECTION ...................................................................................... 84 
FIGURE 3-7 COMPOSITE BLADE STRUCTURAL GEOMETRY PRODUCED BY THE MATLAB CROSS-SECTIONAL MODEL 
AND USED FOR THE VALIDATION STUDY ....................................................................................................... 87 
FIGURE 3-8 SOLIDWORKS COMPOSITE BLADE USED FOR THE CROSS-SECTIONAL BLADE MODEL VALIDATION STUDY
 ..................................................................................................................................................................... 87 
FIGURE 3-9 STATIC BLADE DEFLECTION TEST ON THE BASELINE MACH SCALE COMPOSITE BLADE ........................ 88 
FIGURE 3-10 VALIDATION OF FLAPWISE STIFFNESS PREDICTION FROM THE CROSS-SECTIONAL MODEL USING 
EXPERIMENTAL DATA FROM STATIC TIP DEFLECTIONS ON A BASELINE MACH SCALE BLADE ........................ 89 
FIGURE 3-11 DYNAMICS MODEL DISCRETISATION PROCESS ................................................................................... 92 
FIGURE 3-12 DYNAMICS ANALYSIS GUI ................................................................................................................ 93 
FIGURE 3-13 UNDEFORMED GLOBAL AND LOCAL BLADE AXIS SYSTEMS ................................................................ 95 
FIGURE 3-14 FLAPWISE DEFORMATIONS AND LOADS ADAPTED FROM REF. [76] ..................................................... 96 
FIGURE 3-15 CHORDWISE DEFORMATIONS AND LOADS ADAPTED FROM REF. [76] ................................................. 96 
 x 
FIGURE 3-16 TORSIONAL DEFORMATIONS AND LOADS ADAPTED FROM REF. [78] .................................................. 96 
FIGURE 3-17 CENTRE OF GRAVITY OFFSET AXIS SYSTEM ....................................................................................... 99 
FIGURE 3-18 COLLECTIVE MODE VALIDATION – BASELINE METAL KIOWA OH-58A/C BLADE ............................ 101 
FIGURE 3-19 COLLECTIVE MODE VALIDATION – COMPOSITE KIOWA OH-58A/C BLADE...................................... 101 
FIGURE 3-20 CYCLIC MODE VALIDATION – BASELINE METAL KIOWA OH-58A/C BLADE .................................... 102 
FIGURE 3-21 CYCLIC MODE VALIDATION – COMPOSITE KIOWA OH-58A/C BLADE ............................................. 102 
FIGURE 3-22 FLAPWISE BLADE DEFORMATION WITH PRECONE ............................................................................ 104 
FIGURE 3-23 MOMENTS AND FORCES INDEPENDENT OF BLADE DEFORMATION ADAPTED FROM REF. [78]............ 106 
FIGURE 3-24 UNCOUPLED FLAPWISE BENDING MOMENT DISTRIBUTION – FORCED RESPONSE CALCULATED USING 
BROGDON‟S DESIGN DATA FOR THE KIOWA COMPOSITE BLADE [61] .......................................................... 108 
FIGURE 3-25 FLAPWISE BENDING MOMENT DISTRIBUTION FOR THE KIOWA COMPOSITE BLADE [61] ................... 108 
FIGURE 3-26 CHORDWISE BENDING MOMENT DISTRIBUTION - FORCED RESPONSE CALCULATED USING BROGDON‟S 
DESIGN DATA FOR THE KIOWA COMPOSITE BLADE [61] .............................................................................. 109 
FIGURE 3-27 CHORDWISE BENDING MOMENT DISTRIBUTION [61] ........................................................................ 109 
FIGURE 4-1 BLADE DESIGN METHODOLOGY WITH INTERDEPENDENCIES REPRESENTED BY NUMERICALLY LABELLED 
ANALYSIS OUTPUTS .................................................................................................................................... 114 
FIGURE 4-2 CHARACTERISTIC FEATURES OF THE BELL 206 JETRANGER HUB ...................................................... 116 
FIGURE 4-3 BELL HELICOPTER PROPRIETARY DROOP SNOUT AEROFOIL (BELL 206 JETRANGER) ........................ 117 
FIGURE 4-4 HILLER UH-12E HUB ........................................................................................................................ 118 
FIGURE 4-5 HILLER UH-12L AEROFOIL – P/N 53100-01 ...................................................................................... 118 
FIGURE 4-6 DIGITISED HILLER UH-12L AEROFOIL .............................................................................................. 118 
FIGURE 4-7 KIOWA OH-58A/C BLADE AND BASELINE MACH SCALE COMPOSITE BLADE TWIST PROFILES ........... 124 
FIGURE 4-8 BASELINE AND IMPROVED MACH SCALE COMPOSITE BLADE TWIST PROFILES ................................... 125 
FIGURE 4-9 AEROFOIL PERFORMANCE COMPARISON AT 75% RADIAL STATION .................................................... 126 
FIGURE 4-10 PITCHING MOMENT COEFFICIENT COMPARISON AT THE 75% RADIAL STATION ................................ 127 
FIGURE 4-11 BASELINE KIOWA OH-58A/C MACH SCALE BLADE ........................................................................ 132 
FIGURE 4-12 IMPROVED MACH SCALE COMPOSITE BLADE ................................................................................... 132 
FIGURE 4-13 PREDICTED LIFT DISTRIBUTION FOR THE KIOWA OH-58A/C ........................................................... 133 
FIGURE 4-14 PREDICTED INDUCED VELOCITY PROFILE FOR THE KIOWA OH-58A/C ............................................ 133 
FIGURE 4-15 PREDICTED BOUND CIRCULATION DISTRIBUTION FOR THE KIOWA OH-58A/C ................................ 134 
FIGURE 4-16 PREDICTED OPERATING EFFICIENCY FOR THE KIOWA OH-58A/C.................................................... 134 
FIGURE 4-17 PREDICTED ANGLE OF ATTACK DISTRIBUTION FOR THE KIOWA OH-58A/C .................................... 135 
FIGURE 4-18 PREDICTED LIFT COEFFICIENT DISTRIBUTION FOR THE KIOWA OH-58A/C ...................................... 135 
FIGURE 4-19 PREDICTED CENTRE OF PRESSURE DISTRIBUTION FOR THE KIOWA OH-58A/C ................................ 136 
FIGURE 4-20 PREDICTED MOMENT COEFFICIENT DISTRIBUTION FOR THE KIOWA OH-58A/C .............................. 136 
FIGURE 4-21 PREDICTED PROFILE POWER DISTRIBUTION FOR THE KIOWA OH-58A/C ......................................... 137 
FIGURE 4-22 PREDICTED INDUCED POWER DISTRIBUTION FOR THE KIOWA OH-58A/C ....................................... 137 
FIGURE 4-23 PREDICTED HOVER PERFORMANCE OF THE KIOWA OH-58A/C AT 4000 FT AND 35°C ..................... 138 
FIGURE 4-24 PREDICTED HOVER PERFORMANCE OF THE KIOWA OH-58A/C AT SEA LEVEL ISA .......................... 138 
FIGURE 4-25 PREDICTED FORWARD FLIGHT LIFT COEFFICIENT DISTRIBUTION FOR THE BASELINE BLADE ............ 141 
FIGURE 4-26 PREDICTED FORWARD FLIGHT LIFT COEFFICIENT DISTRIBUTION FOR THE IMPROVED BLADE ........... 142 
 xi 
FIGURE 4-27 PREDICTED FORWARD FLIGHT LIFT PROFILE FOR THE BASELINE BLADE ........................................... 143 
FIGURE 4-28 PREDICTED FORWARD FLIGHT LIFT PROFILE FOR THE IMPROVED BLADE.......................................... 143 
FIGURE 4-29 PREDICTED FORWARD FLIGHT VIBRATORY LOADS FOR THE BASELINE BLADE ................................. 144 
FIGURE 4-30 PREDICTED FORWARD FLIGHT VIBRATORY LOADS FOR THE IMPROVED BLADE ................................ 144 
FIGURE 4-31 TYPICAL COMPOSITE HELICOPTER BLADE COMPONENTS ................................................................. 147 
FIGURE 4-32 FATIGUE BEHAVIOUR OF UNIDIRECTIONAL COMPOSITES [116] ........................................................ 151 
FIGURE 4-33 FLAPWISE AND TORSIONAL BLADE STIFFNESS AS A FUNCTION OF SPAR WALL OFFSET [19] ............. 155 
FIGURE 4-34 FULL-SCALE KIOWA OH-58A/C MASS DISTRIBUTION (DATA FROM BROGDON [61]) ....................... 156 
FIGURE 4-35 OPTIMUM MACH SCALE BASELINE BLADE MASS DISTRIBUTION ....................................................... 157 
FIGURE 4-36 PREDICTED SPANWISE MASS DISTRIBUTION ..................................................................................... 160 
FIGURE 4-37 PREDICTED SPANWISE STIFFNESS DISTRIBUTION .............................................................................. 160 
FIGURE 4-38 PREDICTED CHORDWISE STIFFNESS DISTRIBUTION ........................................................................... 161 
FIGURE 4-39 PREDICTED TORSIONAL STIFFNESS DISTRIBUTION ........................................................................... 161 
FIGURE 4-40 PREDICTED CENTRE OF GRAVITY AND NEUTRAL AXIS DISTRIBUTIONS FOR THE BASELINE BLADE ... 162 
FIGURE 4-41 PREDICTED CENTRE OF GRAVITY AND NEUTRAL AXIS DISTRIBUTIONS FOR THE IMPROVED BLADE .. 162 
FIGURE 4-42 PREDICTED CENTRIPETAL FORCE DISTRIBUTION FOR THE BASELINE MACH SCALE BLADE ............... 164 
FIGURE 4-43 PREDICTED CENTRIPETAL FORCE DISTRIBUTION FOR THE IMPROVED MACH SCALE BLADE ............. 164 
FIGURE 4-44 PREDICTED FLAPWISE MOMENT DISTRIBUTION FOR THE BASELINE MACH SCALE BLADE................. 165 
FIGURE 4-45 PREDICTED FLAPWISE MOMENT DISTRIBUTION FOR THE IMPROVED MACH SCALE BLADE ............... 165 
FIGURE 4-46 PREDICTED CHORDWISE MOMENT DISTRIBUTION FOR THE BASELINE MACH SCALE BLADE ............. 166 
FIGURE 4-47 PREDICTED CHORDWISE MOMENT DISTRIBUTION FOR THE IMPROVED MACH SCALE BLADE ............ 166 
FIGURE 4-48 PREDICTED TORSION DISTRIBUTION FOR THE BASELINE MACH SCALE BLADE ................................. 167 
FIGURE 4-49 PREDICTED TORSION DISTRIBUTION FOR THE IMPROVED MACH SCALE BLADE ................................ 167 
FIGURE 4-50 COMPOSITE BLADE LUG DESIGN PROBLEM ....................................................................................... 168 
FIGURE 4-51 (A) HILLER UH-12L AND (B) KIOWA OH-58A/C BUSH CONFIGURATION ........................................ 168 
FIGURE 4-52 BASELINE MACH SCALE COMPOSITE BLADE LUG DESIGN ................................................................ 170 
FIGURE 4-53 PREDICTED MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 2 FOR THE BASELINE MACH SCALE 
BLADE ......................................................................................................................................................... 172 
FIGURE 4-54 PREDICTED MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 2 FOR THE IMPROVED MACH SCALE 
BLADE ......................................................................................................................................................... 172 
FIGURE 4-55 CALCULATED COLLECTIVE MODE FAN PLOT FOR THE BASELINE KIOWA MACH SCALE BLADE ........ 177 
FIGURE 4-56 CALCULATED COLLECTIVE MODE FAN PLOT FOR THE IMPROVED KIOWA MACH SCALE BLADE ....... 177 
FIGURE 4-57 CALCULATED CYCLIC MODE FAN PLOT FOR THE BASELINE KIOWA MACH SCALE BLADE ................ 178 
FIGURE 4-58 CALCULATED CYCLIC MODE FAN PLOT FOR THE IMPROVED KIOWA MACH SCALE BLADE ............... 178 
FIGURE 4-59 CALCULATED SCISSOR MODE FAN PLOT FOR THE BASELINE KIOWA MACH SCALE BLADE ............... 179 
FIGURE 4-60 CALCULATED SCISSOR MODE FAN PLOT FOR THE IMPROVED KIOWA MACH SCALE BLADE .............. 179 
FIGURE 4-61 PREDICTED CYCLIC MODE SHAPES – 1ST IN-PLANE NATURAL FREQUENCY (IMPROVED BLADE) ........ 180 
FIGURE 4-62 PREDICTED CYCLIC MODE SHAPES – 2ND FLAPWISE NATURAL FREQUENCY (IMPROVED BLADE) ....... 181 
FIGURE 4-63 UNIQUE LEAD-LAG RESTRAINT FOR THE KIOWA OH-58A/C ........................................................... 183 
FIGURE 4-64 UNIQUE LEAD-LAG RESTRAINT FOR THE HILLER UH-12E/L............................................................ 184 
FIGURE 4-65 LEAD-LAG FORK DESIGN FOR THE KIOWA OH-58A/C ..................................................................... 185 
 xii 
FIGURE 4-66 EXPERIMENTAL TESTING OF THE COMPOSITE LEAD-LAG FORK ........................................................ 186 
FIGURE 4-67 EXPERIMENTAL TESTING OF THE STEEL (4140) LEAD-LAG FORK ..................................................... 186 
FIGURE 4-68 (A) FINAL KIOWA OH-58A/C LEAD-LAG FORK DESIGN AND (B) INTERFACE WITH THE BLADE ........ 187 
FIGURE 4-69 BOOMERANG DESIGN FOR THE HILLER UH-12E/L – DESIGN 2 ........................................................ 187 
FIGURE 4-70 COSMOSWORKS FEM RESULTS FOR HILLER FORK - DESIGN 1 ..................................................... 188 
FIGURE 4-71 BOOMERANG TESTING RIG ............................................................................................................... 189 
FIGURE 4-72 FAILURE ZONES OF TESTED SPECIMENS – DESIGN 1 ......................................................................... 189 
FIGURE 4-73 FAILURE ZONES OF TESTED SPECIMENS – DESIGN 2 ......................................................................... 190 
FIGURE 5-1 BASELINE BLADE SPAR MANUFACTURING PROCESS ADAPTED FROM REF. [16] .................................. 194 
FIGURE 5-2 BASELINE BLADE AFTERBODY BONDING PROCESS ADAPTED FROM REF. [16] .................................... 194 
FIGURE 5-3 IMPROVED BLADE ONE-SHOT MANUFACTURING PROCESS ADAPTED FROM REF. [16] ......................... 195 
FIGURE 5-4 (A) PRESS WITH INTEGRALLY HEATED MOULDS AND (B) TEMPERATURE CONTROL SYSTEM ............... 195 
FIGURE 5-5 SEMI-AUTOMATED CUTTER FOR THE UNIDIRECTIONAL PREPREG SPAR CAPS ..................................... 196 
FIGURE 5-6 SOLIDWORKS BLADE CREATOR MACRO............................................................................................. 197 
FIGURE 5-7 AUTOMATICALLY GENERATED SOLIDWORKS BLADE MODEL ............................................................ 198 
FIGURE 5-8  MASS CAST BILLET WITH COPPER TUBING......................................................................................... 199 
FIGURE 5-9 CNC MACHINING A MASS CAST BILLET TO PRODUCE THE IMPROVED BLADE UPPER MOULD HALF – 
FINISHING CUT WITH 3.175 MM BALL NOSE CUTTER .................................................................................... 199 
FIGURE 5-10 BASELINE BLADE SPAR MOULDS ...................................................................................................... 200 
FIGURE 5-11 BASELINE BLADE FULL BLADE MOULDS .......................................................................................... 200 
FIGURE 5-12 IMPROVED BLADE MOULDS HALVES ................................................................................................ 201 
FIGURE 5-13 (A) PREFORM LAY-UP AND (B) CURED COMPONENT ......................................................................... 202 
FIGURE 5-14 EXPLODED VIEW OF BLADE ROOT COMPONENTS .............................................................................. 202 
FIGURE 5-15 SPAR CORE CNC MACHINING IN A CLAMPING FIXTURE (IMPROVED BLADE) .................................... 203 
FIGURE 5-16 SPAR CAP LAYUP USING THE LOWER SPAR TOOLING AID .................................................................. 204 
FIGURE 5-17 BASELINE MACH SCALE BLADE LOWER SPAR CAP AND OUTER TORQUE WRAP ................................ 204 
FIGURE 5-18 BASELINE MACH SCALE BLADE SPAR CORE AND TUNGSTEN INERTIA WEIGHTS ............................... 205 
FIGURE 5-19 BASELINE MACH SCALE BLADE COMPLETED SPAR LAYUP (BLADE ROOT) ....................................... 205 
FIGURE 5-20 CURED SPAR FOR THE BASELINE MACH SCALE COMPOSITE BLADE .................................................. 206 
FIGURE 5-21 AFTERBODY BONDING OPERATION .................................................................................................. 207 
FIGURE 5-22 CURED BASELINE MACH SCALE COMPOSITE BLADE......................................................................... 208 
FIGURE 5-23 SPANWISE BLADE WEIGHT INSERTS ................................................................................................. 208 
FIGURE 5-24 CARBON FIBRE/EPOXY TIP CAP AND WEIGHT POCKETS .................................................................... 209 
FIGURE 5-25 BASELINE MACH SCALE BLADE ROOT CONFIGURATION WITH INTEGRAL LEAD-LAG RESTRAINT ..... 209 
FIGURE 5-26 BASELINE MACH SCALE COMPOSITE BLADE CROSS-SECTION (94.3 MM CHORD) .............................. 210 
FIGURE 5-27 (A) IMPROVED MACH SCALE BLADE LOWER SKIN AND (B) SPAR-TO-AFTERBODY DOUBLER ............ 210 
FIGURE 5-28 IMPROVED MACH SCALE BLADE ROOT DOUBLER PLY ...................................................................... 211 
FIGURE 5-29 COMPLETED SPAR LAYUP FOR THE IMPROVED MACH SCALE BLADE ................................................ 212 
FIGURE 5-30 IMPROVED MACH SCALE BLADE AFTERBODY CONSTRUCTION INCLUDING (A) TRIM TABS, TRAILING 
EDGE PREPREG AND (B) UPPER FILM ADHESIVE AND FOLDED ROOT DOUBLER PLY ...................................... 212 
FIGURE 5-31 IMPROVED MACH SCALE COMPOSITE BLADE TIP CROSS-SECTION (60 MM CHORD) .......................... 213 
 xiii 
FIGURE 5-32 IMPROVED MACH SCALE BLADE ROOT ATTACHMENT WITH A DRAG STRUT LEAD-LAG RESTRAINT .. 213 
FIGURE 5-33  APPROXIMATE CURE CYCLE FOR THE BASELINE AND IMPROVED MACH SCALE BLADES ................. 214 
FIGURE 5-34 BASELINE AND IMPROVED MACH SCALE COMPOSITE BLADES READY FOR FLIGHT TESTING............. 216 
FIGURE 6-1 MACH SCALE BLADE WHIRL RIG ........................................................................................................ 218 
FIGURE 6-2 WHIRL RIG SWASHPLATE FOR FULL CYCLIC AND COLLECTIVE CONTROL CAPABILITY ....................... 219 
FIGURE 6-3 WHIRL RIG PITCH CONTROL SYSTEM ................................................................................................. 219 
FIGURE 6-4 WHIRL RIG HEAD ASSEMBLY ............................................................................................................. 220 
FIGURE 6-5 MAST STRAIN GAUGE FOR MEASURING TORQUE ................................................................................ 220 
FIGURE 6-6 (A) PURPOSE BUILT LIFT TRANSDUCER AND (B) THEIR LOCATION IN THE WHIRL RIG .......................... 221 
FIGURE 6-7 DATA ACQUISITION FLOW DIAGRAM .................................................................................................. 222 
FIGURE 6-8 LOW PASS SALLEN-KEY 2
ND
 ORDER FILTER ....................................................................................... 222 
FIGURE 6-9 ROTATING DATA ACQUISITION CIRCUITRY ........................................................................................ 223 
FIGURE 6-10 STATIONARY DATA ACQUISITION CIRCUITRY AND ACTUATOR CONTROL SYSTEM ............................ 224 
FIGURE 6-11 PHOTOTRANSISTOR RPM SENSOR MOUNTED ADJACENT TO THE WHIRL RIG MAST .......................... 224 
FIGURE 6-12 PROGRAM GUI USED DURING THE EXPERIMENTAL TESTING OF THE MACH SCALE BLADES ............. 225 
FIGURE 6-13 BLADE ALIGNMENT USING THE STRING METHOD FOR THE IMPROVED MACH SCALE BLADE ............. 226 
FIGURE 6-14 STATIC BALANCING THE BASELINE MACH SCALE BLADES ON A MARVEL BALANCER...................... 227 
FIGURE 6-15 STROBE LIGHT REFLECTING OFF THE BLADE TIP MARKER TO DETERMINE BLADE TRACK ................. 228 
FIGURE 6-16 MACH SCALE BLADE TESTING METHOD ........................................................................................... 229 
FIGURE 6-17 BLADE VORTEX INTERACTION CAUSING LOCAL CHANGES TO THE BLADE ANGLE OF ATTACK [59] . 231 
FIGURE 6-18 FULL-SCALE MD530N HOVER PERFORMANCE DATA SHOWING CONSIDERABLE SCATTER [119] ...... 231 
FIGURE 6-19 WHIRL RIG SURFACE AREA CONTRIBUTING TO VERTICAL DRAG FROM THE ROTOR WAKE................ 233 
FIGURE 6-20 EXPERIMENTAL RESULTS FOR THE BASELINE AND IMPROVED MACH SCALE COMPOSITE BLADES AND A 
COMPARISON TO THE THEORETICAL PREDICTIONS ...................................................................................... 235 
FIGURE 6-21 EXPERIMENTAL AND THEORETICAL FIGURE OF MERIT RESULTS AS A FUNCTION OF BLADE LOADING 
COEFFICIENT USING THRUST-WEIGHTED SOLIDITY ...................................................................................... 236 
FIGURE 6-22 (A) LOWER GRIP STRAIN GAUGE AND (B) UPPER GRIP STRAIN GAUGE ............................................... 240 
FIGURE 6-23 GRIP LOADS MEASURED IN THE UPPER AND LOWER TANGS FOR THE BASELINE AND IMPROVED MACH 
SCALE COMPOSITE BLADES ......................................................................................................................... 241 
FIGURE 6-24 IMPROVED MACH SCALE BLADE AUDIO RECORDING FOR 5 ROTOR REVOLUTIONS AT FLAT PITCH .... 243 
FIGURE 6-25 BASELINE MACH SCALE BLADE AUDIO RECORDING OVER 35 SECONDS ........................................... 244 
FIGURE 6-26 IMPROVED MACH SCALE BLADE AUDIO RECORDING OVER 35 SECONDS .......................................... 245 
FIGURE 7-1 AC 20-107B BUILDING BLOCK APPROACH FOR STATIC PROOF OF STRUCTURE TESTING .................... 250 
FIGURE B-1 LIFT DISTRIBUTION FOR THE HILLER UH-12L .................................................................................. 275 
FIGURE B-2 INDUCED VELOCITY FOR THE HILLER UH-12L ................................................................................. 275 
FIGURE B-3 BOUND CIRCULATION DISTRIBUTION FOR THE HILLER UH-12L ....................................................... 276 
FIGURE B-4 OPERATING EFFICIENCY FOR THE HILLER UH-12L ........................................................................... 276 
FIGURE B-5 ANGLE OF ATTACK DISTRIBUTION FOR THE HILLER UH-12L ............................................................ 277 
FIGURE B-6 LIFT COEFFICIENT FOR THE HILLER UH-12L .................................................................................... 277 
FIGURE B-7 CENTRE OF PRESSURE DISTRIBUTION FOR THE HILLER UH-12L ....................................................... 278 
FIGURE B-8 MOMENT COEFFICIENT FOR THE HILLER UH-12L ............................................................................. 278 
 xiv 
FIGURE B-9 PROFILE POWER DISTRIBUTION FOR THE HILLER UH-12L ................................................................ 279 
FIGURE B-10 INDUCED POWER DISTRIBUTION FOR THE HILLER UH-12L ............................................................. 279 
FIGURE B-11 HOVER PERFORMANCE PROFILE OF THE HILLER UH-12L AT 4000 FT AND 35
0
C............................. 280 
FIGURE B-12 HOVER PERFORMANCE PROFILE OF THE HILLER UH-12L AT SEA LEVEL ISA ................................. 280 
FIGURE B-13 COLLECTIVE MODE FAN PLOT FOR THE IMPROVED HILLER UH-12L MACH SCALE BLADE .............. 281 
FIGURE B-14 CYCLIC MODE FAN PLOT FOR THE IMPROVED HILLER UH-12L MACH SCALE BLADE ...................... 281 
FIGURE B-15 SCISSOR MODE FAN PLOT FOR THE IMPROVED HILLER UH-12L MACH SCALE BLADE..................... 282 
FIGURE C-1 BASELINE MACH SCALE BLADE MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 1 ......................... 284 
FIGURE C-2 IMPROVED MACH SCALE BLADE MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 1 ........................ 284 
FIGURE C-3 BASELINE MACH SCALE BLADE MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 3 ......................... 285 
FIGURE C-4 IMPROVED MACH SCALE BLADE MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 3 ........................ 285 
FIGURE C-5 BASELINE MACH SCALE BLADE MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 4 ......................... 286 
FIGURE C-6 IMPROVED MACH SCALE BLADE MARGIN OF SAFETY DISTRIBUTION – LOAD CASE 4 ........................ 286 
 
  
 xv 
List of Tables 
TABLE 2-1 TYPICAL ROTOR BLADE MATERIAL PROPERTIES [10] ............................................................................ 21 
TABLE 2-2 MACH SCALING RULES.......................................................................................................................... 48 
TABLE 3-1 CROSS-SECTIONAL MODEL VALIDATION STUDY .................................................................................... 86 
TABLE 3-2 EXAMPLE MACH SCALE COMPOSITE BLADE STRESS SURVEY OUTPUT AT 75 % SPAN ............................ 91 
TABLE 3-3 ROOT BOUNDARY CONDITIONS ............................................................................................................. 92 
TABLE 3-4 COLLECTIVE MODE NATURAL FREQUENCY VALIDATION ..................................................................... 100 
TABLE 3-5 CYCLIC MODE NATURAL FREQUENCY VALIDATION............................................................................. 100 
TABLE 4-1 TARGET AIRCRAFT DATA .................................................................................................................... 115 
TABLE 4-2 KIOWA OH-58A/C CRITICAL HUB DIMENSIONS .................................................................................. 117 
TABLE 4-3 HILLER UH-12E AND UH-12L CRITICAL HUB DIMENSIONS ................................................................ 119 
TABLE 4-4 HILLER UH-12E/L BLADE SCALING .................................................................................................... 120 
TABLE 4-5 KIOWA OH-58A/C BLADE SCALING ................................................................................................... 120 
TABLE 4-6 MAXIMUM FLIGHT SPEED FOR A TIP REYNOLDS NUMBER OF 1X10
6
 .................................................... 120 
TABLE 4-7 MACH SCALE BLADE POWER REQUIREMENTS...................................................................................... 121 
TABLE 4-8 BLADE SCALING SUMMARY ................................................................................................................ 122 
TABLE 4-9 AERODYNAMIC CHARACTERISTICS OF THE KIOWA OH-58A/C BASELINE SCALE BLADE .................... 123 
TABLE 4-10 AERODYNAMIC CHARACTERISTICS OF THE IMPROVED MACH SCALE COMPOSITE BLADE .................. 127 
TABLE 4-11 BASELINE AND IMPROVED ROTOR PARAMETER AND PERFORMANCE COMPARISON ........................... 129 
TABLE 4-12 STALL MARGIN FOR THE KIOWA OH-58A/C BASELINE AND IMPROVED BLADES .............................. 130 
TABLE 4-13 STALL MARGIN FOR THE HILLER UH-12L BASELINE AND IMPROVED BLADES .................................. 130 
TABLE 4-14 FORWARD FLIGHT PERFORMANCE COMPARISON ............................................................................... 140 
TABLE 4-15 MATERIAL PROPERTIES FOR THE PRIMARY BLADE COMPONENTS ...................................................... 150 
TABLE 4-16 FULL-SCALE BLADE LOAD CASES ...................................................................................................... 153 
TABLE 4-17 MACH SCALE BLADE LOAD CASES .................................................................................................... 154 
TABLE 4-18 STRUCTURAL DESIGN PARAMETERS .................................................................................................. 158 
TABLE 4-19 RPM VALUES FOR THE BASELINE AND IMPROVED MACH SCALED COMPOSITE BLADES .................... 163 
TABLE 4-20 LUG ANALYSIS RESULTS ................................................................................................................... 170 
TABLE 4-21 IMPROVED MACH SCALE BLADE SUMMARISED STRESS OUTPUT ........................................................ 173 
TABLE 4-22 PREDICTED NATURAL FREQUENCIES PER REV – COLLECTIVE MODE .................................................. 175 
TABLE 4-23 PREDICTED NATURAL FREQUENCIES PER REV – CYCLIC MODE .......................................................... 175 
TABLE 4-24 PREDICTED NATURAL FREQUENCIES PER REV – SCISSOR MODE ......................................................... 175 
TABLE 4-25 2-D MATERIAL DATA FOR THE BOOMERANG LAMINATE ................................................................... 190 
TABLE 4-26 HILLER UH-12E/L LEAD-LAG RESTRAINT SYSTEM TEST RESULTS .................................................... 190 
TABLE 5-1 BASELINE AND IMPROVED MACH SCALE BLADE WEIGHT BREAKDOWN .............................................. 215 
TABLE 6-1 FULL-SCALE KIOWA OH-58A/C PERFORMANCE PREDICTION ............................................................. 238 
TABLE 6-2 FULL-SCALE HILLER UH-12L PERFORMANCE PREDICTION ................................................................. 238 
 
 xvi 
List of Abbreviations and Acronyms 
Term Definition 
2MRTS 2-Meter Rotor Test System 
ABC Active Blade Concept 
AC Advisory Circular 
ACG Advanced Composites Group 
AD Analogue to Digital 
AP Authorised Person 
APMA Australian Parts Manufacturer Approval 
ATR Advanced Technology Rotor 
BEMT Blade Element Momentum Theory 
BERP British Experimental Rotor Program 
BVI Blade Vortex Interaction 
CAR Civil Aviation Regulation 
CASA Civil Aviation Safety Authority 
CASR Civil Aviation Safety Regulation 
CFD Computational Fluid Dynamics 
CNC Computer Numerically Controlled 
CPM Cycles Per Minute 
CPS Cycles Per Second 
DSTO Defence Science and Technology Organisation 
EASA European Aviation Safety Agency 
FAA Federal Aviation Administration 
FAR Federal Aviation Regulation 
FM Figure of Merit 
FoS Factor of Safety 
FRP Fibre Reinforced Plastic 
GRMS General Rotor Model System 
GUI Graphical User Interface 
HS High Strength 
IGE In Ground Effect 
IP In Plane 
ISA International Standard Atmosphere 
ITW Inner Torque Wrap 
MoD Ministry of Defence 
MTOW Maximum Take-Off Weight 
NDI Non-Destructive Inspection 
OGE Out of Ground Effect 
OP Out of Plane 
OTW Outer Torque Wrap 
PC Production Certificate 
 xvii 
PMI Polymethacrylimide 
RPM Revolutions Per Minute 
STC Supplementary Type Certificate 
TC Type Certificate 
TCDS Type Certificate Data Sheet 
TE Trailing Edge 
TPP Tip Plane Path 
UD Unidirectional 
VNE Velocity Never Exceed 
List of Symbols 
Mathematical symbols 
Symbol Definition 
a Speed of sound 
A Disc area 
A Blade component area/enclosed area 
AI Autorotation index 
c Chord length 
C1 , C2 Sallen-Key filter capacitors 
Cd0 Profile drag coefficient 
CF Force coefficient 
Cl Lift coefficient 
Cl,max Maximum lift coefficient 
Clα Aerofoil lift-curve slope 
Cm Pitching moment coefficient 
CM/σ Rotor disc moment coefficient – forward flight 
Cn Aerodynamic damping  
CR/ σ Rotor disc rolling coefficient – forward flight 
CT Thrust coefficient 
Cd Drag coefficient 
d Drag – harmonic component 
D Drag 
DVert Vertical drag 
DL Disc loading (T/A) 
E Elastic modulus 
f Force – harmonic component 
f Function 
fn Axial stress 
fs Shear stress  
F Force 
F Prandtl‟s tip loss factor 
FCut Cut-off frequency 
 xviii 
Fsu Allowable shear stress 
Ftu Allowable tensile stress 
FM Figure of merit 
G Shear modulus 
HSOFT In-plane elasticity restraint 
I Moment of inertia (second moment of area) 
Ib Blade mass moment of inertia 
J Torsion constant 
k Induced power factor 
K Engine torque experience factor 
l Length 
m Mass per unit length of rotor blade 
m Blade element mass (dynamics) 
M Mach number 
MB Moment flapwise 
MC Moment chordwise 
MC0 Root chord moment 
MT Torsional moment 
MS Margin of safety 
nψ Number of azimuthal segments 
N Scale factor 
Nb Number of blades 
P Rotor power 
P Blade component perimeter length 
Pi Induced power 
Pid Ideal power to hover 
q Blade component shear flow 
r Radial station 
r Centre of gravity offset distance 
R Blade radius 
R1 , R2 Sallen-Key filter resistors 
Re Reynolds number 
S Shear force 
t Blade component thickness 
T Rotor thrust 
T Torsional moment 
T Centripetal force (dynamics) 
vih Induced velocity 
vL Linear induced velocity – forward flight 
V Velocity 
V∞ Magnitude of free-stream velocity 
w Blade natural frequency 
W Aircraft weight 
 xix 
x, y, z Cartesian coordinate system 
αTPP Angle of disc tip plane path 
γ Lock number 
θ Precone angle 
θ Slope 
θ Blade section incidence 
µ Advance ratio 
µ Dynamic viscosity 
ρ Density 
σ Solidity 
σtw Thrust-weighted solidity 
ψ Azimuth angle 
Ω Blade rotation speed in rad/sec 
ϕ Blade twist 
ϕ Inflow angle of attack 
χ Wake skew angle 
Subscript and superscript 
 
 
 
Symbol Definition 
0 Steady state (with respect to Fourier series) 
a,b,c Local blade axis system 
c Centroid 
CF Centripetal force 
d Deformed blade 
F Full-scale 
F,E,T Flapwise, edgewise, torsional orientations 
h Hover 
H Horizontal centripetal force component 
i Internal blade component 
i Harmonic component 
id Ideal 
m Model 
n Station 
n Number of blade components 
NA Neutral axis 
PHOFF Pitch horn offset 
u Un-deformed blade 
 1 
Summary 
Helicopter rotor blade design and manufacture has evolved considerably since the early 1920s 
when the first practical helicopters took flight. Today, most new blades exploit the 
aerodynamic gains of advanced blade geometries, as well as the structural and dynamic 
advantages of composite materials. However, there is currently an industry trend of upgrading 
and extending the service life of ageing helicopters, some of which still operate metal rotor 
blades. As part of these upgrade programs, the rotor systems are often replaced with 
composite blades to provide a performance improvement and service life extension. 
In line with this industry trend, this MEng project focuses on the Bell Kiowa OH-58A/C and 
Hiller UH-12E/L, both of which use aluminium rotor blades in a two-bladed teetering rotor 
configuration. The purpose of this research work is to investigate the feasibility of a multi-
platform composite blade upgrade solution based on a Mach scale blade study, demonstrating 
a 5% hover performance improvement at 4000 ft and 35°C. The scope of this study includes 
the design, manufacture and experimental hover testing of baseline and improved Mach scale 
composite blades to prove the performance gains over the conventional aluminium blades of 
the target aircraft. 
A literature review is presented that comprehensively covers the major aspects of composite 
rotor blades within the context of this MEng project. Included is a historical background to 
the development and use of composite rotor blades in industry, as well as a review of the 
British Experimental Rotor Program which is widely considered to be the state-of-the-art in 
composite blades. A detailed review of composite blade design, Mach scaling, manufacture 
and experimental testing is also presented. The literature review highlights the advantages of 
composite materials in helicopter rotor blades, yet shows that only limited studies have been 
performed on teetering rotor designs, and no research has been done on multi-platform blades.   
The Mach scale composite blade design was performed using the numerical modelling and 
analysis tools developed as part of this research work. The tools cover hover and forward 
flight aerodynamics as well as blade structures and dynamics, and where feasible these 
models were validated against published data or experimental results. The Mach scale blades 
are approximately 1.5 m long and were designed to be aerodynamically, structurally and 
dynamically scaled replicas of the corresponding full-scale blade. The improved Mach scale 
blade features advanced aerofoils, increased twist, and a tapered planform to improve hover 
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efficiency while maintaining autorotation performance and the forward flight speed capability 
of the target aircraft. 
The structural and dynamic Mach scaling rules resulted in a detailed internal blade structure 
that subsequently demanded a complex blade manufacturing process, which was developed as 
part of this research work. The process selected was based on the In-Mould Pressing method 
which is widely used in industry for producing composite rotor blades. The process involved 
two female tooling halves that were closed and heated in a press, with internal pressure being 
achieved through the use of a Rohacell core. Blades can typically be manufactured in a two-
step process whereby the spar is manufactured first and is then bonded to the afterbody, or a 
one-shot process where the entire blade is laid up and cured at once. For this study the 
baseline Mach scale blade was manufactured using the two-step process and the improved 
blade via the one-shot method. The tooling requirements, process variables and quality 
assurance methods are examined.  
A whirl rig was designed and constructed for hover testing the baseline and improved Mach 
scale blades. The whirl rig featured a purpose built teetering rotor hub, which was 
geometrically scaled from the Kiowa OH-58A/C hub and facilitated an integral or drag strut 
lead-lag restraint method. The whirl rig was instrumented with a data acquisition system that 
was developed as part of this research work, to record lift, torque, grip loads, pitch link loads 
and local air density. The whirl rig was used to test the baseline and improved Mach scale 
blades from flat pitch to maximum thrust (approximately 120 kg). The experimental results 
and theoretical predictions indicate that at the design point of 4000 ft and 35°C, hovering 
OGE will require 4.9% and 9.5% less power when the improved composite blades are 
installed on the Kiowa OH-58A/C and Hiller UH-12L, respectively. Also, the unique lead-lag 
restraint system, developed within this MEng project, was tested and confirms the feasibility 
of a multi-platform composite blade solution for the target aircraft. 
This MEng thesis describes in detail the design, manufacture and performance testing of a 
multi-platform composite rotor blade to replace the existing aluminium blades on the Bell 
Kiowa OH-58A/C and Hiller UH-12E/L. The thesis concludes with a review of the 
certification and airworthiness requirements that must be addressed for the practical 
implementation of the new composite blade into service. 
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CHAPTER 1 
INTRODUCTION 
Helicopter rotor blades provide lift, propulsion and control to support and manoeuvre rotary 
wing aircraft. As such, rotor blades must perform within a large envelope of aerodynamic and 
environmental conditions. From these demanding conditions come design drivers which, over 
the history of blade development (beginning in the 1920s), have resulted in many 
configurations, profiles and construction techniques. Blade designs have evolved with 
improved understanding and development of the helicopter, but also with the advancement of 
material science. Most rotor blades designed today are exploiting the advantages of Fibre 
Reinforced Plastic (FRP) composite materials.  
While most new aircraft are designed with composite blades, there is a growing requirement 
to upgrade the rotor systems of legacy helicopters which still use metal blades. This 
requirement stems from that fact that since the late 1980s there has been a plateau in rotary 
wing development in both the military and civil sectors [1, 2]. The problem is evident through 
the lack of new platform developments. The U.S. Military has not introduced a new platform 
in over 20 years and the fallout is that legacy aircraft are being upgraded as opposed to being 
replaced, thereby essentially keeping 1980s technology as the primary platforms today. As 
part of these upgrade or Life Extension Programs there is often a need to upgrade the rotor 
systems to fully exploit the aerodynamic, structural and dynamic benefits of composite blade 
designs. 
A recent example is the composite blade upgrade for the Sikorsky S-61, which first flew in 
1959 and still remains a prominent aircraft in both civil and military operations. The S-61 was 
originally designed with metal blades using conventional NACA 0012 aerofoils. Carson 
Helicopters designed a composite blade alternative utilising improved aerofoils, increased 
twist and a swept tip (Figure 1-1). These improvements increased lifting performance by 10%, 
doubled the blade service life and increased forward speed by 15 knots [3]. As a result of 
these impressive performance gains, the U.K. Ministry of Defence (MoD) commissioned 
modified Carson blades to be considered for installation on the Royal Navy Sea Kings. In 
2006, QinetiQ, in collaboration with the U.K. MoD and AgustaWestland, began testing the 
composite blades to determine their suitability for the Royal Navy [4]. Following a successful 
test program, the composite blades were installed and are currently being used in service. 
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Other recent examples of aircraft upgraded with improved composite rotor systems include 
the Black Hawk UH-60M, Apache Longbow AH-64D Block III, Lynx, and AW101 Merlin. It 
is apparent that there is a continuing need to upgrade the rotor systems on legacy aircraft, both 
in the military and civil sectors. This MEng project is aimed at providing a multi-platform 
composite rotor alternative to existing helicopters which are currently using metal blades.  
  
Figure 1-1 Carson S-61 composite rotor blades (Courtesy of QinetiQ and the U.K. MoD) 
1.1 Historical Background 
In 1923, the first practical rotor system took flight in Juan de la Cierva‟s C.4 autogyro [5]. 
The C.4 had hinged rotor blades, which was the key to stable forward flight, something 
elusive in Cierva‟s earlier designs. The idea of flapping blades to overcome the asymmetry of 
lift problems was formally patented in 1908 by Louis Breguet, but Cierva was the first to 
practically apply this concept [6]. Such rotor configurations are widely used today and are 
known as articulated rotor systems. Cierva‟s experiments laid the foundation for rotary wing 
flight which matured considerably through the 1930s until the first „successful‟ helicopters 
were built in the early 1940s. 
By 1940, Arthur Young had developed the stabiliser bar which was to be central to the 
stability of two-bladed rotor systems seen in early Bell Helicopter designs. This configuration 
is known as a teetering, semi-rigid, or see-saw configuration and is characterised by blades 
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which flap about a central hinge but are fixed chordwise. Teetering blades were used on the 
first commercially certified helicopter, the Bell 47, and this blade configuration is still popular 
today. 
Early blade designers were not fully aware of the rotor performance parameters and the 
resulting power required for flight. The resulting blade designs were lacking in aerodynamic 
efficiency with Figures of Merit (FM) below 50% [6]. The FM is the ratio of ideal to actual 
power required for hover and is therefore an efficiency indicator. While this inefficiency was 
initially suppressed with higher power-to-weight ratio engines, improved blade design became 
increasingly important for range, endurance, lifting performance and speed. What followed 
was rapid advancement in rotor blade design from the 1940s through to the 1980s. During this 
period blade shapes changed from rectangular planforms to tapered and twisted profiles. The 
aerofoils also transitioned from simple symmetric profiles to highly cambered profiles that 
changed along the blade span. These alterations resulted in blades with FM values over 80% 
and this significant improvement was largely made possible through the use of composite 
blade structures. 
Early blades, such as those used on the Bell 47 and Hiller were constructed from laminated 
wood (Figure 1-2). These blades had the advantage of „on-condition‟ retirement (i.e. not 
limited by flight hours), but were prone to moisture absorption, were high maintenance and 
were limited to simple profiles. Aluminium alloy blades were then developed
1
, most using a 
honeycomb sandwich construction bonded to an extruded spar (Figure 1-3). These blades 
overcame many environmental problems and were the industry standard into the 1970s. 
However, aluminium blades are susceptible to corrosion, stress corrosion cracking and 
fatigue, resulting in limited service lives of approximately 2000 – 5000 flight hours. 
The first all-composite production blade was produced by Kaman in 1976 for the Bell AH-1 
Cobra [7]. Figure 1-4 illustrates a typical composite blade cross-section. Advances in the 
design, manufacture and certification procedures of composite blades over the past 30 years, 
combined with their aerodynamic, structural and dynamic performance benefits, means they 
are now the preferred blade solution. Composite blades have many advantages over metal 
blades including: 
                                                 
1
 Steel (often stainless steel) spars, skins and trailing edges were used on some aircraft (including the Hiller UH-
12E and Hiller FH-1100) before aluminium became the industry standard. 
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 Improved aerodynamic performance due to advanced blade profiles. Such profiles are 
possible because composite materials can be formed into complex mould geometries. 
 Slow and progressive crack growth. 
 Extended service life and often with „on-condition‟ retirement. 
 Optimised dynamic behaviour, because the fibre layup sequence can be tailored with 
ply quantity and orientation to tune the blade stiffness and therefore dynamic response. 
 Corrosion resistance (including fatigue-induced stress corrosion cracking). 
 Lower susceptibility to catastrophic failure due to debris impact, rotor strike or 
ballistic impact. 
 
Figure 1-2 Bell 47 wooden blade – conventional NACA 0012 aerofoil 
 
Figure 1-3 Bell 206 JetRanger aluminium blade – droop snout aerofoil 
 
Figure 1-4 Bell 412 composite blade – inboard high lift aerofoil 
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1.2 Target Aircraft 
One aspect of this research work is to investigate replacing the metal blades of the Kiowa 
OH-58A/C with advanced composite blades. This two-bladed teetering rotor helicopter began 
its service in 1969 and continues to be used in either reconnaissance or trainer roles within 
militaries of countries including the U.S. and Australia (Figure 1-5). The U.S. Army OH-58C 
aircraft are due to be replaced with the Eurocopter UH-72 by 2017 [8], but there are Type 
Certificates (TC) to convert military Kiowas into civil aircraft ensuring their use for decades 
to come. By replacing the metal blades with composite blades, the performance of these 
helicopters could be improved and cost reduced, increasing their appeal to military and civil 
markets alike. 
Data from the Federal Aviation Administration (FAA) and Civil Aviation Safety Authority 
(CASA) indicates that as of 2010, America has approximately 550 Kiowa OH-58A/C civil 
registered aircraft, and Australia has 20. Additionally, Australia still operates over 50 Kiowas 
in the Army. The Bell Helicopter 2011 price for a set of (two) aluminium main rotor blades 
for the Kiowa is US$146,284 and the mandatory retirement life of these blades is 2500 hrs. 
As of February 2011, for the civil market, Bell had no blades in stock and the lead time on a 
new set dated into late May, 2012. 
This MEng project will also investigate replacing the metal blades of the Hiller UH-12E/L 
with improved composite blades. This low maintenance utility aircraft was first manufactured 
in 1959 and features a teetering rotor system (Figure 1-6). Currently, there are approximately 
300 Hiller UH-12E/L registered aircraft in America and 7 in Australia. Aluminium blades for 
the Hiller are no longer manufactured and the blade life for the „E‟ and „L‟ models is 6670 hrs 
(P/N 53200-03) and 9250 hrs (P/N 53100-01), respectively. Through the Hiller (China) 
Aircraft Manufacturing Company, China will soon begin manufacturing the UH-12E Hiller in 
production runs of up to 200 aircraft per year [9].  
The Hiller blades are very similar in span to the Kiowa blade (approximately 5.4 m) and the 
Maximum Take-Off Weights (MTOW) of the two aircraft are similar (Hiller - 1588 kg and 
Kiowa - 1451 kg). This MEng project will therefore explore the possibility of designing and 
building a multi-platform composite blade that can attach to the Kiowa OH-58A/C and Hiller 
UH-12E/L helicopters.  
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Figure 1-5 Australian Kiowa OH-58A (206B-1) (Courtesy of George Canciani) 
 
Figure 1-6 Hiller UH-12E (Courtesy of Tony Zeljeznjak) 
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1.3 Research Objectives 
The aim of this MEng project is to design, manufacture and experimentally test a multi-
platform Mach scale composite blade that is a representative solution for replacing the metal 
blades on the Kiowa OH-58A/C and Hiller UH-12E/L helicopters. This project is not simply 
an activity of design, manufacture and experimental testing. The project aims to develop a 
multi-platform composite blade solution that provides a reduction in power required to hover 
by at least 5%, when operating Out of Ground Effect (OGE) at 4000 ft and 35°C. Achieving 
this will expand the operational envelope of each aircraft to include operations at hotter and 
higher altitudes.  
To facilitate the blade design, numerical modelling and analysis tools will be developed to 
theoretically predict the aerodynamic, structural and dynamic performance of composite 
blades. Where possible, the outputs of the numerical modelling and analysis tools will be 
validated against published data or experimental testing results. These tools will then be used 
to design a baseline and improved Mach scale composite blade.  
The baseline composite blade will be essentially a scale replica of the Kiowa OH-58A/C 
metal blade. The purpose of this is to provide a performance baseline, but also to explore the 
design and manufacturing difficulties with a simple blade profile. After testing the baseline 
blade, an improved Mach scale composite blade will be designed, manufactured and tested to 
assess the advantages of improved aerofoils and blade profiles. Additionally, a new blade 
attachment system will be developed to address the unique problem of designing and 
manufacturing a multi-platform blade.  In summary, the specific research objectives include: 
 The development of numerical modelling and analysis tools that can be used to design 
composite rotor blades, and which, are validated against published data or 
experimental testing results. 
 The design, manufacture and testing of an improved composite blade for replacing the 
metal blades of the Kiowa OH-58A/C and Hiller UH-12E/L. The improved blade 
should provide a 5% reduction in power required to hover OGE at 4000 ft and 35°C. 
 The development of a practical solution for attaching the improved composite blade to 
the Kiowa OH-58A/C and Hiller UH-12E/L, thereby demonstrating a multi-platform 
capability. 
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1.4 Thesis Outline 
The thesis begins with a literature review followed by five research chapters, including 
Numerical Modelling and Analysis, Mach Scale Composite Blade Design, Manufacture of 
Mach Scale Composite Blades, Experimental Analysis of Mach Scale Composite Blades, and 
Composite Blade Certification. The key outcomes of the MEng project are summarised in the 
Conclusions chapter. 
Chapter 2 presents the literature review which provides a critical review of published research 
that is specific and relevant to the aims of this MEng project. The review examines both 
historical and state-of-the-art blade designs and explores composite blade design, manufacture 
and experimental testing. The literature review also identifies the challenges associated with 
Mach scale blades and how their results compare to full-scale blade performance.  
Chapter 3 is the first research chapter and covers numerical modelling and analysis. 
Composite blade design is multidisciplinary and iterative, and requires detailed numerical 
models to analyse the aerodynamic, structural and dynamic responses. Numerical models are 
implemented within MATLAB R2007a to address this requirement and are founded on 
fundamental helicopter theory. The models are designed for computational efficiency to allow 
rapid iteration of design variables, such that optimum configurations can be quickly defined. 
This chapter presents the underlying theories used in the model development, and where 
practical the outcomes are validated against published data or experimental testing results. 
Chapter 4 covers blade design and begins by examining the key features of the target aircraft. 
Included is a discussion of the Mach scaling parameters, from which a scaling ratio is 
determined. The baseline and improved composite rotor blades are then designed 
aerodynamically, structurally and dynamically. This chapter also covers blade root design and 
therefore gives special consideration to the lead-lag restraint mechanism which is central to 
teetering rotor systems. Since the Kiowa OH-58A/C and Hiller UH-12E/L have different root 
restraint mechanisms, a unique interface system is developed to facilitate a multi-platform 
blade solution. 
Chapter 5 covers the manufacture of the baseline and improved Mach scale composite blades. 
Tooling design and development is covered, as well as the spar and afterbody core machining 
operations. Each blade type is produced using a different variant of the In-Mould Pressing 
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process, and the relative merits of each method are explored. The chapter concludes with a 
complete weight breakdown of each blade.  
Chapter 6 covers the experimental testing of the baseline and improved Mach scale composite 
blades. The whirl rig construction is described, along with the testing methods, and 
development of a custom data acquisition system. Sources of error, associated with the 
testing, are also identified and assessed. The experimental results are presented and compared 
to the theoretical predictions. Based on these findings, full-scale blade performance data is 
predicted for the Kiowa OH-58A/C and Hiller UH-12L helicopters. 
Chapter 7 is the last research chapter and covers composite blade certification based on the 
requirements for certifying civil aeronautical products in Australia. The applicable regulations 
from CASA and the FAA are defined and potential avenues of certification are explored. Also 
included, is a brief review of the avenues available to manufacture an approved design. 
Chapter 8 concludes the thesis and summarises the major outcomes. The outcomes include the 
development of numerical modelling and analysis tools, the design, manufacture and testing 
of an improved Mach scale composite blade, and the development of a unique lead-lag 
restraint system for a multi-platform blade design. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
This chapter presents a critical literature review of helicopter composite rotor blades. It is not 
the purpose of the literature review to describe all the published research and development 
work on composite rotor blades. Instead, the literature that will be critically reviewed is that 
which is relevant to the design, manufacture and experimental testing of Mach scale 
composite rotors, within the context of this MEng project. 
This research work is focused on providing a multi-platform composite blade upgrade for the 
Kiowa OH-58A/C and Hiller UH-12E/L. These helicopters were originally manufactured in 
1959 and 1969 respectively, and feature a teetering rotor design. Most literature on composite 
blades, designed for teetering rotor heads, is dated between the late 1970s and 1980s, which 
was the era in which composite blades were first introduced [7]. Therefore, within the context 
of this research work, some of the literature from this time period is still relevant and will be 
referred to in the review. 
The review begins with a historical background to the use of composites in helicopter rotor 
blades.  A state-of-the-art composite rotor blade program is then examined to reveal some of 
the current technologies applied to composite blades. The next four sections of the literature 
review follow the steps that are taken in this MEng project to design, manufacture and 
experimentally test Mach scale composite blades. A flow chart of these steps is presented in 
Figure 2-1. In a full-scale blade program the final aspect of the development process is 
certification, which is discussed separately in Chapter 7. 
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Figure 2-1 Blade development flowchart 
2.2 Composite Rotor Blades 
2.2.1 Historical Development 
According to Douglas and Stratton [10 p.3114], the 1970s was the decade of “transition from 
all metal to all composite helicopter rotor blades”. While metal blades were well established, 
the driving force behind the transition was structural reliability, with glass fibre composites 
demonstrating a “slow soft progressive failure mode which gives adequate warning” [10 
p.3114]. Crack propagation behaviour of full-scale blade sections exposed to cyclic fatigue 
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testing, for both aluminium (6061-T6) and glass fibre blades, is shown in Figure 2-2. Douglas 
and Stratton also comment that composite materials can be used to tailor the aerodynamic and 
structural configuration along the blade span, thereby optimising performance, flying 
qualities, stresses and dynamic response. Within this „decade of transition,‟ it is worthwhile 
discussing some of the composite rotor blade programs to further reveal the driving forces 
behind the transition, the typical blade construction features and the subsequent advantages 
observed through the use of composite materials. 
 
Figure 2-2 Crack propagation for aluminium and composite blades [10] 
According to Hirschberg [7], the K747 rotor blade produced by Kaman was the first all-
composite production blade, and was installed on the AH-1 Cobra in 1976. The Cobra 
features a teetering rotor and drag strut lead-lag restraint system. While publically available 
literature on the blade development program is limited, Watts, Dominick and Guin [11] state 
that the K747 blade features an advanced aerofoil, a tapered tip planform, and is ballistically 
tolerant. They also note that the composite blade demonstrates a hover performance 
improvement over the metal blade. Harderson and Blackburn [12] also discuss the K747 blade 
and state that advantages included increased performance, superior flying qualities, increased 
damage tolerance, extended service life, and increased reliability and maintainability. 
However, tip weight retention problems due to excessive heating of the blades did result in a 
re-design of the K747 composite blade tip. Gunsallus and Bowes [13] present a revised tip 
ballast weight retention system. 
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As described by Wyatt [14], the early AH-1 Cobra evolved into the Bell AH-1W SuperCobra, 
many of which are being upgraded to the four-bladed AH-1Z. The AH-1Z blade (also 
common to the UH-1Y), shown in Figure 2-3, is primarily made from fibreglass/epoxy using 
the Hexcel 8552 resin system, and has a design life objective of 10,000 hrs. The blade is 
comprised of a spar assembly, skins, honeycomb core and trailing edge strips. The blade also 
features a stainless steel abrasion strip, the outboard two-thirds of which is electroplated with 
nickel. 
 
Figure 2-3 Bell AH-1Z Cobra composite rotor blade [14] 
Bell Helicopter initiated its first composite rotor program in 1972 and by August 1977 the 
first flight tests of a production composite blade were made on a Bell 214 (Figure 2-4), which 
was initially designed with metal blades [15-17]. Subsequent composite blades were then 
developed for the four-bladed Bell 206L (Figure 2-5) as described by Cresap, Myers and 
Viswanathan [18] and for the Bell 412. According to Covington and Baumgardner [15], metal 
blades often do not reach their mandatory retirement lives (1,100 to 4,000 hrs), because of in-
service deterioration caused by erosion, corrosion, delamination, excessive vibration and 
fatigue-induced stress corrosion cracking. Longobardi and Fournier [19] report that only 5% 
or less of the aluminium alloy Bell UH-1 blades ever last 2000 hrs. It is worth noting that in 
1973 Fibre Science Inc. produced three prototype filament wound, tubular-reinforced, 
composite rotor blades for the Bell UH-1D, under contract to the U.S. Army [20]. Key 
advantages that were identified in using composite materials were high specific strength, 
extended fatigue life and field repairability. These were the principal factors behind Bell 
Helicopter embarking on its own composite rotor blade program. 
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Figure 2-4 Bell 214 composite rotor blade [17] 
 
Figure 2-5 Bell 206L four-bladed composite rotor blade [18] 
Covington and Baumgardner [15] report that the use of composite materials in the Bell 214 
blade program facilitated: improved geometry, dynamic tuning, increased strength, improved 
safety, extended service life and acceptable damage tolerance. However, because of the 
composite materials, an extensive static, fatigue and environmental test program was required 
for FAA certification [17]. Reddy [17] also comments that solar heating, moisture absorption 
and lightning strike tests were required as part of the qualification program. However, the 
advantages of lower flight loads, gradual failure modes, damage tolerance and substantially 
increased fatigue life, justified the use of composite materials in the Bell 214 program. This 
program is particularly relevant to this research work because the Bell 214 uses a teetering 
rotor hub, and features a drag strut lead-lag restraint system similar to that used on the Hiller 
UH-12E/L. 
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White [21], Middleton [22], Sanders and Grainger [23] and Hansford [24] describe the early 
composite blade developments in the U.K. One of the first composite applications in the U.K. 
was the development of S-61 composite tail rotor blades. Concerning this program, White [21 
p.1] states that two major advantages of composite materials include the “economic, 
reproducible production of sections difficult or impossible to manufacture using metals and 
the greatly improved fatigue life of composite rotor blades”. White [21], Middleton [22] and 
Hansford [24] discuss the composite blade development program for the Lynx/W30 family, 
which was combined under the British Experimental Rotor Program (BERP). According to 
Middleton [22], the advanced shape and sections of the blade make it practically impossible to 
fabricate economically using metals. To achieve the required specific stiffness, a glass/carbon 
hybrid spar construction was used, and this increased the stiffness whilst maintaining a 
progressive failure mode [21].  
The first BERP program culminated in the development of composite main rotor blades for 
the Westland Sea King S-61 (Figure 2-6) [25]. The blade was designed as a retrofit blade to 
reduce development cost, but Sanders and Grainger [23] note that composite materials could 
have allowed for camber variation and a swept tip to improve the operating efficiency. 
However, the composite blades did provide improved aerodynamic profile consistency, and 
according to Harrison, Stacey and Hansford [25] this gave a 5% fuel burn reduction. Carson 
Helicopters later upgraded the S-61 with a composite rotor, which used varying cambered 
aerofoil sections and tip sweep, resulting in a 10% lift improvement, doubled service life and 
a 15 knot speed increase (Figure 1-1) [26].  
Kieras and Hernandez [27] describe the early development testing of a fully composite blade 
for the Sikorsky H-60 Black-Hawk (Figure 2-7). The approach taken by Sikorsky was to 
replicate the exact characteristics of the existing metal/composite hybrid blade, which 
featured a titanium spar, fibreglass skins and honeycomb afterbody, in order to maintain 
performance while reducing cost and increasing damage tolerance. However, it was not until 
the introduction of the UH-60M in 2006 that the titanium spar was finally substituted with a 
composite spar. The composite blade also features a wider chord, allowing for improved 
performance under „hot and high‟ conditions and lower maintenance costs [28]. Salkind [29] 
presents an early study on composite twin beam blades for the heavy lift Sikorsky H-53. The 
use of composite materials resulted in improved aerodynamic geometry, dynamic tuning, 
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damage tolerance and lower cost. Salkind [29] also measured an increased fatigue strain 
capacity, slower crack propagation and larger critical crack size for the composite blade. 
 
Figure 2-6 Westland Sea King S-61 BERP composite rotor blade [22] 
 
Figure 2-7 Sikorsky H-60 (Black Hawk) composite rotor blade [27] 
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Kiraly et al. [30, 31] presents a Hughes Helicopters composite blade upgrade for the YAH-64 
Apache, developed in the early 1980s (Figure 2-8). Wet filament winding was used to 
manufacture the blade and the primary material was Kevlar 49 [31]. According to Kiraly and 
Tutka [31], Kevlar was chosen for its low density, high strength and modulus, superior 
toughness, and compatibility with the wet filament winding process. Two advantages realised 
through the use of composites in the blade design were a reduced life cycle cost and increased 
survivability. Detailed information on design, manufacturing, and testing of the YAH-64 
composite blade is presented by Kiraly and Head [32]. Based on an article by Colucci [33] 
this early upgrade program never reached production; the result being that the Boeing Apache 
still operates metal blades (aluminium spar and steel skins) with a 2000 hour retirement life. 
However, the AH-64D Block III upgrade, which is currently under development, will 
introduce a composite blade comprised of a carbon fibre/epoxy spar, glass skins and a steel 
erosion strip.  According to Colucci, the composite blade will be cheaper to manufacture and 
is designed to a 10,000 hour life. Work on the composite blade began as part of the 
Affordable Apache Rotor Program beginning in the mid-1990s and this program is described 
in detail by Janakiram et al. [34]. 
 
Figure 2-8 Hughes Helicopters composite blade upgrade for the YAH-64 [30] 
In 1972, Boeing Vertol Company began its investigation into composite rotor blades for the 
CH-47 Chinook [35]. By 1981, the first composite production blades were fitted to military 
and civil aircraft (Figure 2-9). According to Sandford and Belko [35], the primary objectives 
of the program were safety, reliability and maintainability. Performance improvement 
objectives were also set, and Sandford and Belko [35 p.43] comment that the use of fibreglass 
as the primary structural element “permits the optimization of blade geometry to an extent not 
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possible with the extruded CH-47B/C metal spar blades”. Pinckney [36], also discusses this 
CH-47 composite blade program, and states that there are three main advantages to be realised 
through the use of fibre reinforced composites. The first is the possibility of using advanced 
aerofoil sections which can be tailored along the blade span to optimise aerodynamic 
performance. Secondly, the overall blade weight can potentially be reduced, and finally, the 
blade dynamics can be tuned for optimal frequency placement. Sandford and Belko [35] 
conclude that the composite blade exhibits exceptional fatigue characteristics, with the 
titanium nose cape being the critical item with a 10,000 hour fatigue life. Detailed information 
on the blade design, fabrication and testing is presented by Hoffstedt [37]. 
 
Figure 2-9 Boeing CH-47 Chinook composite rotor blade [35] 
The properties of some typical rotor blade materials that were available during this early 
period of composite blade development are presented in Table 2-1
2
. Kevlar is another typical 
fibre type used in composite rotor blades, and has the lowest fibre density at 0.05 lb/in
3
 (1,380 
kg/m
3
). Douglas  and Stratton [10] believe the wide array of properties available with 
composite materials can lead to a high degree of optimisation for a composite blade. Douglas 
and Stratton also make an important observation that, unlike aluminium and steel, composite 
blades do not corrode and therefore they are not susceptible to fatigue-induced stress 
corrosion cracking. 
  
                                                 
2
 While SI units are used for the research chapters of this MEng thesis, the units presented in the literature review 
are based on the units of the original text. 
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Table 2-1 Typical rotor blade material properties [10] 
 
A brief summary of some of the early composite rotor blade programs from Kaman, Bell, 
Sikorsky, Hughes, Westland and Boeing, has been presented. From these programs some 
conclusions can be made about the advantages of using composite materials in rotor blade 
applications, when compared to traditional metals. Composite materials provide: 
 slow and detectable failure characteristics 
 long fatigue life and low life cycle cost 
 wide range of properties including high specific stiffness and strength 
 improved aerodynamic profile and tailored frequency placement 
 damage tolerance 
 freedom from corrosion and fatigue induced stress corrosion cracking. 
This MEng project is focused on the blades used by the Kiowa OH-58A/C and Hiller UH-
12E/L, which are constructed primarily from aluminium. The Kiowa blade cross-section is 
nearly identical to that shown in Figure 1-3, which represents blade technology from the 
1960s. These aircraft are yet to exploit the advantages available through the application of 
composite materials to rotor blade design, and it is the purpose of this research work to 
explore this opportunity. 
As composite rotor blade technology matured through the 1980s and 1990s, information on 
their design, manufacture and testing became largely proprietary. This is evident through the 
numerous patents that were awarded, some examples of which can be found in refs. [38-41]. 
Therefore, publically available information on design, manufacture and testing of state-of-the-
art composite rotors is limited.  However, one blade program that can be reviewed is the 
BERP program which is state-of-the-art in composite blade technology. 
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2.2.2 State-of-the-Art Composite Rotors 
The BERP program, in partnership with the U.K. MoD, has been maturing new rotor 
technologies since 1975 [25]. From 1975 to 1978, the BERP I program sought to gain 
experience in composite rotor design, manufacture and qualification, and culminated in 
composite blades for the Westland Sea King S-61. The BERP II program spanned 1978-1980, 
and introduced the BERP tip (Figure 2-10) and advanced aerofoil sections. The BERP III 
program, from 1982-1985, culminated in flight testing of a modified Westland Lynx with the 
new BERP blades. In 1986, this aircraft claimed the official world speed record of 216 knots, 
which still stands as of February, 2011 (but has unofficially been eclipsed by the Sikorsky X2 
Technology Demonstrator). As explained by Perry [42], this speed was largely made possible 
because of the unique characteristics of the composite BERP blade.  
 
Figure 2-10 BERP blade performance on advancing and retreating sides [2] 
Perry [42] reports that the BERP tip profile allows the blades to operate effectively at high 
Mach numbers with low angles of attack, but also at low Mach numbers and high angles of 
attack (i.e. on the advancing and retreating sides). Swept tips are typically susceptible to stall 
on the retreating side in high speed flight, but the unique BERP tip shape avoids this by 
introducing a stable vortex to delay the onset of separation (Figure 2-10). The vortex is 
introduced from the leading edge notch just inboard from the blade tip. These characteristics 
increase the stall margin and allow the blade to operate efficiently at high aircraft speeds. 
However, Yeager et al. [43] performed scale blade tests on a BERP like rotor, and the results 
indicated that the BERP tip actually has an adverse effect on helicopter performance in hover 
and low-to-moderate forward flight speeds.  
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The BERP IV blade shown in Figure 2-11 first took flight in 2007, on the AW101 dedicated 
trials aircraft (Figure 2-12). Harrison, Stacey and Hansford [25] explain that the BERP IV is a 
state-of-the-art composite blade characterised by exceptional performance and low life cycle 
cost, and is produced using advanced design and manufacturing techniques. The program 
sought to advance the BERP III blade design by improving hover performance without 
compromising forward flight speed. Other program objectives included reducing airframe 
vibration, reducing through-life maintenance costs and enhancing battlefield survivability. 
According to Harrison, Stacey and Hansford [25], the BERP IV blades facilitated a maximum 
speed of 198 knots, and were found to demand less power than the BERP III blades in both 
hover (5%) and forward flight (10-15%).  
 
Figure 2-11 BERP IV advanced composite rotor blade [25] 
 
Figure 2-12 BERP IV blades on the AW101 dedicated trials aircraft [25] 
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The BERP IV blades make use of passive performance improvements that can only be 
realised through the use of composite materials. Harrison, Stacey and Hansford [25] explain 
that the BERP IV blade makes special use of non-crimped fabrics which featured a Z stitch 
construction. This improved the damage tolerance four times over the conventional 
unidirectional (UD), prepreg tape construction. Also, the manufacturing process was 
simplified and resulted in repeatable blades, which was evident in that BERP IV blades could 
be interchanged with virtually no rotor track and balance adjustments [25]. 
Since the mid-1980s, there has been an increasing research effort to define and implement 
beneficial structural couplings into blade design. Composite materials have an intrinsic 
directional nature, and therefore their use in rotor design allows elastic couplings to be 
incorporated by modifying ply orientation. Research indicates that pitch/flap couplings can 
significantly impact rotor vibration and stability [44-48]. Aeroelastic coupling saw practical 
use in the BERP IV blade program, with airframe vibration reduced using a combination of 
structural and inertial modal couplings between bending and torsion [25]. Moffatt and 
Griffiths [49] report that the couplings were achieved by optimising the ply orientation and/or 
shifting the chordwise centre of gravity. Harrison, Stacey and Hansford [25] state that by 
applying such couplings at spanwise locations where the problematic mode amplitudes are 
greatest, significant reductions in vibration and control loads can be achieved. 
The BERP IV aerodynamic blade profile is complex, and is the result of design freedoms 
associated with the use of composite materials. Low pitching moment aerofoils were selected 
for the 82% and 50% span locations, and linear interpolation and linear extrapolation were 
used to define the remainder of blade inboard of the tip region [25]. Cost effective 
manufacturing of this blade profile and tip geometry from metals would be virtually 
impossible. 
The BERP IV blade contains S2 glass fibre, UTS and T700 carbon fibre, as well as non-crimp 
fabric [25]. The non-crimp fabric is three times thicker than traditional woven fabrics, which 
results in a three-fold reduction in layup time. The BERP IV blade also contains a Rohacell 
polymethacrylimide (PMI) foam core [50]. Such foam allows for a special moulding 
technique called In-Mould Pressing whereby the foam core applies up to 90 psi of internal 
pressure to consolidate the composite blade (Figure 2-13). Specific details on this process are 
limited in open literature; however, Seibert [51] does provide a process overview. 
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Figure 2-13 Typical In-Mould Pressing pressure/temperature cycle adapted from ref. [51] 
According to Seibert [51], development of In-Mould Pressing using a structural core began in 
the 1990s with a collaboration between GKN Westland and Röhm GmbH. Objectives of the 
program were to develop a more durable blade with better performance and improved service 
life at lower manufacturing costs. Seibert claims that Rohacell WF-71 is the version most 
commonly used for composite main rotor blades, and explains that the foam core acts as both 
a layup mandrel and a structural member of the blade. Firstly, the glass and carbon epoxy 
prepreg materials are laid into two matched female mould halves. The Rohacell core is then 
machined approximately 3% oversize and laid into the moulds (Figure 2-14). The two mould 
halves are then slowly closed as heat is applied. The core thermo-elastically compresses 
which generates internal pressure. Although the core does experience some creep 
compression, because it begins at 3% oversize, internal pressure be can maintained 
throughout the cure cycle.  
According to Seibert, In-Mould Pressing has now been applied across many composite rotor 
blades. The WF-71 core is used in the blades of the AgustaWestland AW101 and Lynx, 
Indian Advanced Light Helicopter, Japanese Kawasaki OHX and Bell 429. The Bell/Boeing 
V22 Osprey and the Eurocopter Tiger and NH90 use the WF-110 core. Other helicopters that 
feature blades with a Rohacell core include: the Eurocopter EC120, EC135, EC145 and 
Sikorsky S-61 (Carson composite blades). 
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Figure 2-14 Lynx composite rotor blade with Rohacell PMI core [52] 
Although not explicitly stated by Seibert [51], it can be deduced that the first blade produced 
using the In-Mould Pressing process was the BERP III blade for the Lynx and EH101 aircraft. 
A cross-section of the EH101 blade with the Rohacell PMI core is shown in Figure 2-15. 
 
Figure 2-15 EH101 composite blade cross-section featuring a Rohacell PMI core [52] 
For this research work, some aspects of the BERP IV blade design will be incorporated, such 
as varying the aerofoils across the blade span and using In-Mould Pressing to consolidate the 
blade. However, the design drivers for this project do not include high speed forward flight 
and therefore the unique tip profile of the BERP blade is not applicable to this research work. 
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2.3 Design of Composite Rotor Blades 
Composite rotor blade design is a complex field of engineering requiring an interdisciplinary 
approach that must function within a framework of design constraints. According to Nixon 
[53], typical constraints for rotor blade design include aerodynamic performance, material 
strength, autorotation performance and natural frequency placement. While other constraints 
such as stability, maintainability, impact resistance, vibration and cost inevitably influence the 
design, these four constraints are the primary design drivers. It is clear that even a basic blade 
design requires an aerodynamic, structural and dynamic analysis.  
Blade design is multidisciplinary and this lends itself to optimization strategies, with the 
objective function often being to minimise airframe vibration. Optimisation strategies for 
composite rotor blades are summarised by Ganguli [46], Celi [54] and Adelman and Mantay 
[55]. Comprehensive software codes for blade design have been developed by helicopter 
manufacturers and prominent rotorcraft research centres, such as CAMRAD II, 2GCHAS (a 
modified and improved version of which is RCAS), RDYNE, COPTER and UMARC [56]. 
Since access to such codes is not available, an analysis capability that can address 
aerodynamics, structures and dynamics must be developed as part of this research work. 
A comprehensive methodology for both preliminary and detailed helicopter design has been 
developed by the U.S. Army, and is presented in the form of two manuals [57, 58]. These 
manuals include generic design information for helicopter rotor blades, and while they are 
dated and not specific to composite blades, few published works actually provide this level of 
design guidance. From these manuals, it is clear that a hover analysis is the first step in rotor 
blade design. Once an aerodynamic profile has been defined, a structures analysis can be 
performed to fill that profile with structural members. The stiffness and mass distribution 
outputs can then be used in a dynamics analysis, with load case inputs to determine the blade 
natural frequencies and loads (aeroelastic analysis). These blade loads can then be used to 
determine the margins of safety and thus safe-life of the blade. 
It is not the purpose of this review to examine all existing literature in the fields of blade 
aerodynamics, structures and dynamics. An overview of some key considerations in each of 
these fields is presented, with a focus of developing a numerical analysis capability that can 
be used to design Mach scale composite rotor blades. However firstly, because blade design is 
dependent on the rotor hub type, a brief background into teetering rotors is presented. 
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2.3.1 Teetering Rotors 
Teetering rotor blades flap about a central hinge (mast) and are rigidly restrained chordwise 
(Figure 2-16). Flapping about the mast once per revolution overcomes the non-uniform lift 
problems encountered in forward flight (Figure 2-17) [59]. 
 
Figure 2-16 Bell 206 JetRanger teetering rotor head (similar to Kiowa OH-58C) 
 
Figure 2-17 Blade lift distribution with and without flapping [59] 
Johnson [5] explains that non-uniform tangential flow, combined with blade flapping and the 
resultant Coriolis forces, generates non-uniform loading in the chordwise direction (lead-lag 
Latch bolt chordwise restraint 
Mast 
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loads). Compared to articulated rotors, this induces greater stresses in the teetering hub 
because the chordwise loads are rigidly restrained. However, teetering rotors are mechanically 
simple and this has flow-on benefits of both reduced maintenance and cost, while reliability is 
increased. In order to reduce the chordwise loads, teetering rotors are typically underslung, 
meaning the mast attaches to the hub above the centreline. Another design feature of teetering 
rotors is hub precone, which is used to reduce the flapwise bending moments at the hub under 
the majority of flight conditions [5]. 
One of two systems is typically used to rigidly react the chordwise loading. In the first 
system, which is representative of the Kiowa OH-58A/C, the blade interfaces with a set of 
latch bolts which are fixed to the hub grips (Figure 2-16). The second system, used on the 
Hiller UH-12E/L, comprises a drag strut pinned to the hub and the trailing edge of the blade 
(Figure 2-18). These configurations are equally successful, but they demand considerably 
different root geometries in the blade. Therefore, designing a blade to interface to both hub 
types will be a unique challenge for this research work. 
 
Figure 2-18 Hiller UH-12L hub 
2.3.2 Aerodynamic Design 
Leishman [1, 6] describes some of the key aerodynamic phenomena that should be considered 
when designing helicopter rotor blades (Figure 2-19). Rotor blade motion is difficult to 
implicitly define with significant elastic, rigid and control input deformations which depend 
largely on the aircraft attitude and airspeed. When in forward flight, the advancing blade 
encounters high speed flow with tip speeds approaching the unstable realms of transonic 
Drag strut 
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flight, whilst the retreating blade must address low speed flow and angles of attack that are 
approaching stall. Dynamic stall, Blade Vortex Interactions (BVI) and rotor wake interactions 
are some of the challenges that face the blade designer. Leishman [1] states that even the most 
complex Computational Fluid Dynamics (CFD) models are not yet sufficient to accurately 
predict all of these interrelated phenomena. It is for this reason that hover and wind tunnel 
experiments are central to ongoing blade developments. 
 
Figure 2-19 Aerodynamic environment of the helicopter [1] 
The use of composite materials allows for greater design freedoms with respect to blade 
planform, twist distribution and aerofoil profiles. Selecting these parameters requires 
compromises between hover and forward flight performance, and by its nature the design 
process is iterative. To perform such iterations, a predictive capability is required to rapidly 
optimise the configuration for a particular rotorcraft. Relevant teetering rotor blade 
aerodynamic studies are presented by Bingham [60], Brogdon [61] and Hoffrichter [62], 
which focus on composite blade upgrade programs to existing rotorcraft which use metal rotor 
blades. In each study, hover efficiency is improved by at least 6% through the efficient use of 
taper, twist and aerofoil profiles for the improved composite blade. 
The aerodynamic analysis tools used in these studies vary in complexity. Bingham [60] used a 
combined momentum and blade-element theory with aerofoil data derived from lookup tables, 
and this approach will be used for this MEng project. Blade Element Momentum Theory 
(BEMT) is a basic analysis approach that provides reasonable accuracy with low computation 
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expense [5, 6, 59]. Improvements to the basic formulation can be realised by including a 2-D 
viscous compressible flow solution for local lift, drag and moment coefficients. Also, by 
empirically accounting for wake rotation, tip losses and root cut-out, improvements can be 
made to the baseline theory. 
Suitable aerofoil selection is central to aerodynamic blade design. The current status of 
aerofoil development for rotorcraft applications is described by Leishman [2]. Figure 2-20 
denotes the substantial performance gains of the Boeing Vertol (VR-12 thru 15) aerofoil 
series over the traditional NACA 0012. The key factors which influence aerofoil selection are 
lift-to-drag ratio, maximum lift coefficient, pitching moments and drag divergence Mach 
number. In an attempt to improve the aerodynamic profile of rotor blades, some designs 
utilise three or more different aerofoil sections across the rotor span [25]. This design freedom 
is a result of the ability of composite materials to conform to complex mould geometries. 
While this approach does not give a perfectly optimised solution, it does significantly improve 
rotor performance and will be utilised for this research work. 
 
Figure 2-20 Past, present, and predicted future aerofoil performance [2] 
Bingham [60] investigates the aerodynamic performance advantages available through the use 
of blade taper. Bingham‟s study is particularly relevant since the design is based on a 
teetering rotor system at the same design point (4000 ft and 35°C) as used in this MEng 
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project. By reducing the chord length in the outer portions of the blade, the lift profile is 
shifted inboard effectively unloading the blade tip. While this reduces profile drag, it also 
reduces the induced losses by creating a more uniform inflow distribution. Basic helicopter 
theory suggests that a hyperbolic taper ratio is optimal for hover; however, for ease of 
manufacturing blades are normally linearly tapered [6]. The influence of blade taper ratio and 
initiation point on the aerodynamic blade performance is shown in Figure 2-21, where the 
horizontal axis represents the non-dimensional blade span. In this particular case, constant 
geometrical solidity is maintained, but Bingham also shows that for constant thrust-weighted 
solidity, there are significant performance gains. The importance of maintaining thrust-
weighted solidity is discussed later in Section 2.4.2.1. 
 
Figure 2-21 Influence of taper on the aerodynamic performance of a teetering rotor [60] 
Bingham [60] reports that blade twist also has a favourable influence on hover performance, 
as it too shifts the spanwise lift distribution inboard. The primary performance improvement 
is from a reduction in induced drag. BEMT suggests that a hyperbolic twist distribution is 
optimal; however, high angles of incidence at the inboard regions causes vibration and high 
profile drag, particularly in forward flight. Typically, a linear twist profile is selected with 
angles of incidence between -8 to -14 deg [59]. Bingham shows that performance 
improvements from blade twist can be represented as a reduction in the required torque 
coefficient for a given design point (Figure 2-22).  
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Figure 2-22 Influence of twist on the aerodynamic performance of a teetering rotor [60] 
A complete aerodynamic design must consider hover, forward flight and critical manoeuvre 
cases. The aerodynamics involved with forward flight and critical manoeuvres is far more 
complex that the design hover case. For this research work it is sufficient to confirm that the 
improved blade design will not compromise the forward flight characteristics of the target 
aircraft. This will be done using a numerical BEMT approach as presented by Prouty [59]. 
Prouty [59] explains that a forward flight analysis requires calculation of the trim state of the 
rotor system, defined by a cyclic and collective control position that prevents the aircraft 
pitching and rolling (straight steady level). Manoeuvre cases can also be analysed by defining 
the control positions that give specific pitching and rolling rates. Central to a successful 
forward flight analysis is aerofoil data defined through a wide angle of attack range, and 
unsteady aerodynamic effects such as dynamic stall, yawed flow and pitching rate should be 
included for a more representative analysis. Suitable treatment of the induced flow through 
the rotor is also very important for the model accuracy. Prouty suggests a simple linear inflow 
model, but Leishman [6] presents a number of alternatives that can give improved results. The 
forward flight analysis is highly iterative and results in a complex flow environment 
throughout the blade azimuth. An example of this is presented by Prouty [59] in the form of 
an angle of attack contour plot for an example helicopter flying at 115 knots (Figure 2-23). 
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Figure 2-23 Example forward flight angle of attack contour plot [59] 
Aerodynamic blade design is inherently iterative, and therefore lends itself to optimization 
methods, a relevant example of which is presented by Walsh, Bingham and Riley [63]. 
However, for this research work, BEMT will be manually used to iterate blade aerofoils, 
spanwise taper profiles and twist angles, to determine the aerodynamic geometry for an 
improved Mach scale composite blade. 
2.3.3 Structural Design 
The most basic structural design involves defining the blade mass and stiffness distributions 
within the constraints of the aerodynamic profile, and ensuring that blade stresses are below 
the allowables. Since blade stiffness and mass distribution affect the natural frequencies, 
structural design is interlinked with dynamic design. Recent developments in rotorcraft design 
optimisation, including composite rotor structural design are summarised by Ganguli [46] and 
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Celi [54]. As assumptions reduce, design variables increase, and optimization strategies are 
implemented, rotor blade structural design has become increasingly complex. 
2.3.3.1 Cross-Sectional Model 
Calculating cross-sectional properties for composite blade structures requires a model capable 
of including typical composite blade components such as the spar, torque wraps, skins and 
cores.  Examples of codes that can analyse composite rotor blade sections include KSec2D, 
ShapeDesigner Pro and Variational Asymptotical Beam Sectional Analysis (VABS) [64-66]. 
Yu and Hodges [67] provide a concise background to classical treatment of 3-D beams, 
highlighting the limitations of Euler-Bernoulli and Timoshenko beam theories when analysing 
composite blade cross-sections. Hodges [68] and Hodges and Yu [69], provide a background 
to the development of VABS and its suitability for rotor blade cross-sectional modelling.  
The premise of the VABS model is that the three-dimensional nonlinear elasticity problem of 
a composite rotor blade can be reduced to a two-dimensional linear cross-section analysis and 
a one-dimensional nonlinear beam analysis [70]. Yu and Hodges [67] and Li, Volovoi and 
Hodges [70] show that VABS can be used to accurately represent the cross-sectional 
properties of a composite blade, without using computationally expensive 3-D finite element 
methods. Once the cross-sectional properties are obtained, a 1-D nonlinear beam analysis is 
conducted to calculate the natural frequencies, deflections and mode shapes of the beam. Yu 
and Hodges explain that these global displacement outputs can then be used to solve the 3-D 
beam stress, strain and displacement through the use of 3-D warping functions. As shown by 
Volovoi [71], VABS can also be used with optimization strategies to converge on optimal 
cross-section characteristics, such as stiffness and inertia, by modifying variables such as ply 
layup and orientation.  
Structural optimizations cannot be performed in isolation from the constraints of 
manufacturing. In previous studies, such as by Volovoi [71], manufacturing constraints were 
not included, potentially resulting in cross-sections that could not be readily fabricated. Li 
[70] identified this problem and included these constraints within the optimizer which used 
the VABS model. However, as shown in Figure 2-24, the optimised result has deformed the 
spar profile considerably. Regardless of the composite manufacturing process, such geometry 
is difficult to economically manufacture since the foam or honeycomb afterbody must have 
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additional machining operations. Also, the layup is more complex, and further asymmetric 
imbalance has been introduced thereby potentially resulting in distortions after de-moulding. 
 
Figure 2-24 (a) baseline cross-section and (b) optimisation result [70] 
Such optimisation methods are deemed too complex and unnecessary for this MEng project, 
but a cross-sectional analysis tool must be developed to generate cross-sectional properties 
based on design constraints. These constraints will be imposed such that cross-sections 
generated are conducive to manufacturing. Since access to a VABS type cross-sectional 
modelling tool is not available, a simplified approach will be used which does not include 
transverse shear and warping effects. 
2.3.3.2 Stress Analysis 
Once the cross-sectional model has been defined, the cross-sectional properties are used in the 
dynamics analysis to generate beam loads and displacements. The loads are then applied back 
to the blade structures model to determine blade stresses. Again, there are a number of 
approaches to this problem for composite structures, and VABS is capable of providing 3-D 
stress, strain and displacement data. An alternative approach, which is more conducive to this 
research work, is to use the Tsai-Hill failure criterion which is simpler that the Tsai-Wu and 
many other mechanical theories for composites [72]. Both Nixon [53] and Brogdon [61] use 
the Tsai-Hill method to calculate stresses in each structural member of a composite blade, and 
these studies will form the basis for the stress analysis conducted in this project. As explained 
by Brogdon [61], the first step is to calculate the axial stress at each finite element in the blade 
cross-section resulting from centripetal loads, and flapwise and chordwise bending moments.  
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The axial stress is defined using: 
 
        
   
     
 
   
     
 
   
  
  (2.1)  
where fn is the resultant axial stress in blade component i, y is the vertical distance to the point 
of interest from the neutral axis, and x is the chordwise distance. M is the 
beamwise/chordwise bending moment, FCF is the centripetal force, and E is the axial modulus 
in the direction of principal stress. This formulation is essentially weighting the load-carrying 
capability of each element based on the axial modulus. The shear stress resulting from 
torsional loading must also be considered, and one approach for solving this is presented by 
Pilkey [73]. The Tsai-Hill failure criterion [61] can then be applied to the critical axial and 
shear stresses as follows: 
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where MS is the margin of safety, and Ftu and Fsu are the ultimate tensile and shear stress 
allowables, respectively. Using this approach, the critical stress and its location on the 
composite blade cross-section can be located at each spanwise increment [61]. This 
information can then be used in subsequent iterations to refine the blade structure. When 
using this approach, special consideration must be given to the anisotropic properties of 
composites. Ideally, coupon tests should be used to define these material properties. 
2.3.4 Dynamic Design 
Dynamic blade design can be separated into free and forced response investigations [74]. Free 
response studies involve ensuring that the flapwise, chordwise and torsional natural 
frequencies are sufficiently separated from integer multiples of the blade RPM. This ensures 
resonant conditions are avoided, which without sufficient damping could result in dynamic 
instability or reduced fatigue life [53]. The second aspect of dynamic blade design is a forced 
response analysis, which involves defining particular load cases for the aircraft, and then 
applying these to calculate the resultant blade loads. This output can then be used in the 
structural analysis model to predict margins of safety and ultimately a safe-life for the blade.  
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There are many analytical approaches to dynamic blade design, some of which include [5, 
75]: 
 Rayleigh‟s Energy Method 
 Rayleigh-Ritz Method 
 Stodola Method 
 Galerkin Method 
 Myklestad-Holzer or Myklestad-Prohl 
 Influence Coefficients Employing Matrix Methods 
 Dynamic Finite Element Methods. 
All methods have been used to some degree of success, but according to Johnson [5] the 
Myklestad theory is commonly used for its suitability in calculating free and forced responses 
of non-uniform rotating beams. This is particularly relevant for composite structures where 
the spanwise stiffness and mass distribution can be locally tailored across the blade span. 
Using Myklestad theory for rotor blade dynamics was first proposed by Gerstenberger and 
Wood [76] in the 1960s and since then has been applied to many dynamics models such as 
JANRAD and Bell Helicopter DN9100 [61, 74, 77-80]. Myklestad theory, while not as 
accurate as some finite element approaches [74], is suitable for the dynamic analysis 
performed in this research work. 
2.3.4.1 Free Response of Non-Uniform Rotating Beams 
Fan plots are useful for visually representing the dynamic stability of helicopter rotors. Figure 
2-25 shows a non-dimensional fan plot with the natural frequency given in Cycles per Second 
(CPS) and where Ω0 is the normal rotor RPM. When the natural frequency lines (shown by 
the solid curves) overlap the nP dashed lines (blade passing frequency), then a resonant 
condition exists for that particular RPM. By tailoring the mass and stiffness distributions of 
the rotor, the natural frequencies can be adjusted. Optimised placement of natural frequencies 
for rotors, including teetering rotors, is considered in detail by Peters et al. [81], who find that 
local stiffening of the blade at antinodes can effectively shift problem frequencies. Unlike for 
metal blades, local stiffening is relatively simple to incorporate into a composite blade 
manufacturing process. 
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Figure 2-25 Fan plot for the first three natural frequencies adapted from ref. [74] 
Correct treatment of boundary conditions at the blade root is essential for an accurate dynamic 
analysis. As stated in the U.S. Army helicopter design manuals [57], teetering rotors require 
investigation of cyclic and collective modes. Cyclic modes are excited by odd harmonics and 
are considered hinged flapwise and fixed chordwise. Collective modes are excited by even 
harmonics and are treated as hinged chordwise and fixed flapwise. Both sets of modes must 
be analysed simultaneously for resonant conditions.  
2.3.4.2 Forced Response of Non-Uniform Rotating Beams 
The forced response analysis requires the determination of the blade load cases. This typically 
involves combinations of positive and negative g loads with overspeed/underspeed rotor 
RPM, and chordwise bending moments [53, 61, 62]. Although not considered in the dynamics 
analysis, additional cases of non-flight loads must also be analysed such as start loads and 
ground handling loads. 
Once defined, the load cases are used for inputs to the dynamics analysis and as explained by 
Hiatt [74], triangular blade loads or load outputs from the aerodynamics analysis, can be 
discretised using a Fourier series for hover and forward flight cases. In the case of hover, the 
blade loads do not vary around the blade azimuth and therefore only steady-state terms of the 
Fourier series are used. In forward flight, the first ten harmonics in the series can be used to 
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accurately represent the load profile. An example of how lift loads may vary as a function of 
blade azimuth is shown in Figure 2-26. 
 
Figure 2-26 Possible forward flight thrust distribution [74] 
Any forward flight thrust distribution can be mathematically represented by a Fourier series 
comprised of steady-state and harmonic force components [74]: 
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where ψ is the azimuthal position, i is the harmonic component, and r is the radial station. The 
steady state term can be represented as: 
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where T is the thrust and nψ is the number of azimuth angles being considered. The harmonic 
force components can also be defined as: 
 
      
 
  
   
  
   
              
      
 
  
   
  
   
              
(2.5)  
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The Myklestad analysis can compute these types of inputs, and is then capable of determining 
flapwise/chordwise bending moments, shear force diagrams and torsional loads across the 
composite rotor blade. These outputs are then used in the structures analysis to determine the 
critical load case and the margins of safety. 
2.3.5 Conclusions 
Rotor blade design is a complex undertaking; at the minimum it requires an aerodynamic, 
structural and dynamic analysis. These fields of study are interrelated and therefore blade 
design, by nature, is iterative. A brief background to some of the design considerations has 
been presented with a focus of developing a simple predictive capability for Mach scaled 
composite blades. One unique feature of this predictive capability will be that each model, 
aerodynamics, structures and dynamics, is implemented in MATLAB R2007a using the 
theoretical and design analysis methods described. This will ensure commonality between the 
models and facilitate data sharing. 
2.4 Mach Scale Blades 
The advantages of testing helicopter blade concepts on scale models is noted as early as 1949 
by Squire [82] and in 1959 by Kee [83]. Kee states that scale blade testing could be useful for 
forecasting the stresses in the full-scale blade, potentially shortening the development time of 
new aircraft by months or even years. Figure 2-27 shows an early example of scale metal 
blades being wind tunnel tested by Sikorsky. A detailed review of Sikorsky‟s early scale blade 
programs, including their first composite blades, is presented by Fradenburgh and Kiely [84]. 
Wind tunnel testing is still essential when designing modern helicopter rotor blades because 
the absolute performance predictions of numerical models are still questionable, and wind 
tunnel testing reduces the risk and cost of development [1, 85]. However, testing a full-scale 
rotor blade concept in a wind tunnel is expensive and time consuming, with the NASA Ames 
Research Center the only capable facility [1]. According to Singleton and Yeager [86], scaling 
blades is an attractive alternative, allowing for rapid and cost effective testing, including the 
ability to rapidly vary model parameters. As found by Philippe [85], Balch [87] and Keys et 
al. [88], scale blade performance can be used to suitably predict full-scale blade performance. 
Before reviewing some relevant case studies, a brief background to Mach scaling is presented.  
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Figure 2-27 Scale blade forward flight testing by Sikorsky [83] 
2.4.1 Rotor Blade Scaling 
The term „Mach scaling‟ infers that the blade tip Mach number of the scale rotor is identical 
to that of the full-scale blade. Such scaling provides similar compressibility, but as explained 
by Philippe [85], the Reynolds number cannot be simultaneously satisfied. A scaled rotor 
must also have the same geometric planform, twist and aerofoil contours as the full-scale rotor 
blade [88]. By selecting a blade span, the chord value is enforced by the aspect ratio, and the 
number of blades must be maintained to satisfy the solidity requirement.  
According to Keys et al. [88], the use of composite materials in scale rotor blades has  
allowed for geometric scaling in conjunction with dynamic scaling. By tailoring the 
composite blade layup, the spanwise, chordwise and torsional stiffness can be controlled, 
thereby tailoring the dynamic blade response. As explained by Singleton and Yeager [86], 
dynamic scaling is particularly important for predicting full-scale blade performance. It is 
clear that many considerations are required to perform a representative Mach scale blade 
study. However, the critical parameters that require further discussion are the Reynolds 
number, Lock number and blade elasticity. 
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2.4.1.1 Reynolds Number 
To replicate full-scale blade aerodynamics, compressibility and viscous effects must be 
considered, and these are represented by the Mach number (M) and Reynolds number (Re) 
respectively. When a rotor is moving through a viscous medium such as air, the forces applied 
to the rotor can be separated into these parameters [6]: 
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where CF is a force coefficient and a is the local speed of sound. To represent flow 
compressibility, the tip speed of the scale rotor must be the same as the full-scale blade. 
Therefore, the required rotation rate can be represented as: 
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where R represents the blade radius, and Ω the rotation rate in rad/sec. Subscripts F and m 
refer to the full-scale and model blades, respectively. To replicate the viscous effects, the 
Reynolds number must be replicated. The Reynolds number represents the ratio of inertial to 
viscous forces and can be expressed as: 
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where c is the blade chord and µ is the viscosity of the flow medium. If the tip speed of the 
scale blade matches the full-scale blade and both are operating in the same flow medium, the 
Reynolds number cannot be replicated. The difference in Reynolds number is a function of 
the chord ratio and therefore the scaling ratio; for instance, a 1:3 scaling ratio will result in a 
model blade Reynolds number three times smaller than for the full-scale blade. This is the 
primary cause of the disparity between model and full-scale blade performance data [88]. 
Scale blade Reynolds numbers are lower than for the full-scale blade. When the Reynolds 
number is low, the viscous forces are high, and this can significantly impact on the 
aerodynamic performance of the blade. Singleton and Yeager [86] state that this performance 
reduction is represented by an incremental profile power variation at zero thrust and an 
additional profile power increment, as a function of lift coefficient. Low Reynolds numbers 
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can also result in early flow separation due to a laminar boundary layer. As the Reynolds 
number increases, the boundary layer becomes turbulent and is capable of remaining attached 
to the aerofoil surface for longer. Leishman [6] suggests the following relationships: 
1. 105 < Re < 106 - most aerofoils have a low Cl,max due to early flow separation. 
2. 106 < Re < 3x106 - the greatest changes in Cl,max occur. 
3. Re > 4x106 - inertia forces are dominant and Cl,max is relatively stable. 
The behaviour of the maximum lift capability of an aerofoil as a function of Reynolds number 
is also presented by Philippe [85] for the NACA 0012 aerofoil (Figure 2-28). For Reynolds 
numbers below 10
6
 Cl,max remains relatively constant and between 10
6
 and 4x10
6
 there is a 
large change in Cl,max. At higher Reynolds numbers, the aerofoil performance becomes more 
stable and therefore this data supports Leishman‟s generalised relationships. 
 
Figure 2-28 Influence of Reynolds number on stall characteristics [85] 
Changing the flow medium (and thus viscosity) to a substance such as Freon-12, is a potential 
solution for increasing the Reynolds number. Yeager and Mantay [89] and Mantay et al. [90] 
discuss numerous scale blade experiments in Freon, some of which were conducted on 
composite blades. Figure 2-29 is a non-dimensional rotor performance plot of lift against 
torque (normalised to rotor solidity) for each of the different models that were tested. Their 
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findings suggest that large changes in Reynolds number are significant, with the effect being 
of the same magnitude or smaller than solidity effects.  
 
Figure 2-29 Reynolds number and solidity influence on scale blade performance [89] 
A specialised facility capable of providing such a flow medium was not available for this 
MEng project to test Mach scale composite blades. Instead, the scale blades will be made as 
large as practically possible, to minimise the reduction in Reynolds number. 
2.4.1.2 Lock Number 
According to Philippe [85], aside from geometric and aerodynamic scaling, consideration 
must also be given to elastic, inertial and gravitational loads. In an attempt to dynamically 
scale the blade, the Lock number must be maintained. The Lock number is the ratio of 
aerodynamic to inertial forces [6] and is defined as: 
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 (2.9)  
where Clα is the lift-curve slope of the aerofoil and Ib is the mass moment of inertia of the 
blade, which can be calculated using: 
 
      
   
 
 
 (2.10)  
where m is the mass of a differential blade element. While Lock number similarity ensures 
scaled spanwise mass distribution, chordwise mass distribution should also be maintained to 
ensure pitch-flap coupling effects are similar to the full-scale blade.  
Simulating aeromechanical instabilities requires replication of the Froude number for the 
scaled blade. As shown by Philippe [85], this cannot be achieved for a Mach scaled blade 
since Froude number similarity requires: 
 
       
  
  
 
   
      (2.11)  
For the purposes of this research work, Froude number similarity is not critical, since 
according to Keys et al. [91], it is only desired when the response of the entire helicopter is 
being considered. For performance testing, Mach scale similarity is of primary importance to 
replicate the compressibility effects and to limit the Reynolds number degradation. 
2.4.1.3 Elasticity 
Singleton and Yeager [86] performed one of the few published studies that has investigated 
the influence of Reynolds number, Lock number and blade elasticity on the predictability of 
full-scale rotor performance, from scale blade data. While it was found that Reynolds number 
and Lock number are very important scaling parameters, elasticity did not have a significant 
impact. However, in an earlier and perhaps more representative study for this MEng project, 
Yeager and Mantay [89] found blade elasticity to be very important. Unlike the later study, a 
teetering rotor system was analysed for the Bell UH-1D, and it was found that blade elasticity 
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similarity is more important than Reynolds number similarity (Figure 2-30). Reynolds number 
similarity was achieved by extending the blade chord 10 inches. This configuration resulted in 
a blade that was an order of magnitude stiffer than the geometrically scaled rotor. However, as 
shown in Figure 2-30, the geometrically scaled blades denote better correlation to full-scale 
blade data, indicating that Reynolds number similarity is not as critical as structural similarity. 
It should be noted that both of these studies focused on forward flight performance. However, 
accurately scaling stiffness and mass distribution is still important for hover. As discussed by 
Keys et al. [88], blade torsional stiffness is particularly important since elastic angular 
deformation has a direct impact on local blade incidence. 
 
Figure 2-30 Effect of blade elasticity and Reynolds number on full-scale performance 
prediction [89] 
2.4.1.4 Mach Scaling Rules 
In order to design a Mach scaled blade, a number of scaling laws must be satisfied. Based on 
data from Mettler, Dever and Feron [92], Mach scaling rules are given in Table 2-2. Some 
additional parameters, useful for rotorcraft calculations, are also provided and concur with 
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those presented by Philippe [85]. Subscripts m and F represent model and full-scale 
parameters respectively, and N is the scale factor. 
Table 2-2 Mach scaling rules 
Dimension/Parameters Mach Scaling 
Length Lm = LF/N 
Time Tm = TF/N 
Speed Vm = VF 
Mass Mm = MF/N
3
 
Stiffness EIm =  EIF/N
4
 
Mass Moment of Inertia Im = IF/N
5
 
Frequency Wm = WFN 
Force Fm = FF/N
2
 
Autorotation Index AIm = AIF/N 
Power Pm = PF/N
2
 
Thrust Tm = TF/N
2
 
Thrust Coefficient CT m = CT F 
Induced Velocity vih m = vih F 
Disc Loading DLm = DLF 
2.4.2 Case Studies of Mach Scale Blades 
There are many advantages to testing blade concepts on scaled rotors prior to developing a 
full-scale prototype, such as cost, time and risk reduction. As such, composite blade research 
and development often begins on scale rotors. Three Mach scale composite blade case studies, 
which have similarities to this MEng project, are investigated. 
2.4.2.1 UH-1 Huey Mach Scale Testing  
Berry [93-95] performed a quarter-scale blade study on the UH-1 helicopter with the objective 
of designing an improved composite blade that would generate greater thrust in hover and 
have a lower power requirement in forward flight (Figure 2-31). This study has similarities to 
this research work because the UH-1 features a teetering rotor head, and at quarter-scale the 
blades are only slightly longer than those of this project.  
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Figure 2-31 Quarter-scale UH-1 model with advanced composite blades [95] 
A standard (baseline) blade was developed first and was scaled geometrically and 
dynamically from the full-scale metal blades. The advanced blade described in the study had 
an altered planform, twist distribution and utilised improved aerofoil sections. The improved 
blade set had increased planform solidity, but reduced thrust-weighted solidity. This was a 
result of the improved blade having an increased planform area, but with the majority of the 
area shifted to the inboard regions (Figure 2-32). 
 
Figure 2-32 UH-1 baseline and improved composite rotor blade geometries [93] 
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Hover testing was conducted at full-scale tip speed, and power and lift were recorded to 
produce the performance distributions shown in Figure 2-33. The standard and advanced 
(composite) blades refer to the geometries shown in Figure 2-32. Berry [93-95] determined 
that the composite blade resulted in a 10% higher Figure of Merit, and a 7% increase in 
available thrust when hovering OGE when compared to the baseline metal blade. Forward 
flight power reductions up to 17% were also measured. 
 
Figure 2-33 UH-1 hover performance [93] 
However, as discussed by Leishman [2], the performance improvement of the composite 
blade determined by Berry [93-95] is partially due to the difference in thrust-weighted solidity 
between the baseline and improved blades. The importance of this is revealed by analysing 
the Figure of Merit definition: 
 
   
           
            
 
           
                           
 (2.12)  
The power terms of Eq. 2.12 can be substituted as: 
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(2.13)  
where CT is the rotor thrust coefficient, Cd0 is the rotor profile drag coefficient, k is an induced 
power factor and σ is rotor solidity. Rotor solidity is defined as the ratio of blade area to disc 
area, but in practice weighted solidity concepts are used [2]. Thrust-weighted solidity, as the 
term suggests, means that the blade area is weighted with respect to the thrust distribution. 
Thrust is greatest at the tip region, and therefore the chord length in the tip region has a large 
influence on the thrust-weighted solidity value. For this reason the improved composite blade 
had an increased geometrical solidity (compared to the baseline blade) but considerably lower 
thrust-weighted solidity (reduced by nearly 20%). As shown by Eq. 2.13, this can artificially 
inflate the Figure of Merit. 
By reducing the thrust-weighted solidity, the profile power is reduced. According to 
Leishman [2], this has practical limits because the mean lift coefficient must increase and 
therefore stall margin is reduced.  However, Berry [93-95] does select new aerofoil profiles 
which may increase the stall margin. In any case, when altering blade planform and aerofoils, 
care must be taken to ensure that when thrust-weighted solidity is changed, there are still 
sufficient stall margins. 
Another problem with the study by Berry [93-95] was that the inertia characteristics were not 
scaled and therefore the autorotation performance of the improved composite blades was 
compromised. While Berry [93 p.461] states that “through high density tip weighting, 
autorotative performance can be maintained”, this requires careful consideration. Since the 
improved blades are highly tapered, the area within the blade spar is significantly reduced. 
Even using tungsten, which has a density of 19,000 kg/m
3
, sufficient weight may not 
physically fit into the blade tip. This is an important consideration for this research work since 
one of the requirements is that the autorotation performance is maintained for the improved 
composite blades.   
While this study by Berry [93-95] is similar to that proposed in this project, a theoretical 
analysis was not presented and blade manufacturing processes were not explained. Also, the 
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attachment mechanism of the UH-1 blade to the rotor hub is different to the Kiowa OH-
58A/C and this will present some unique challenges for this research work. 
2.4.2.2 UH-60 Black-Hawk Mach Scale Testing 
Bao et al. [44, 48] present a study on elastically coupled composite rotors for vibration 
reduction (Figure 2-34). The blades studied are for the UH-60 Black-Hawk, which has a four-
bladed fully articulated rotor system. The scaling factor was set at 8.9, giving the scale blades 
a radius of 0.9 m. While this rotor system is different to that considered in this MEng project, 
the study does provide insight into the manufacturing techniques, including materials used 
and testing procedures. 
 
Figure 2-34 Elastically tailored composite rotor test setup for the UH-60 [48] 
Bao et al. [44] manufactured the composite blades using a matched die moulding technique 
(Figure 2-35) with an oven cure. Such a process ensures high dimension tolerance and 
repeatability; two features which are critical for composite helicopter blades. The blades were 
designed with a D spar being the primary structural element, and this was constructed from 
IM7/8552 carbon/epoxy prepreg (Figure 2-36). Two different density Rohacell foam cores 
were used inside the spar and afterbody for suitable mass distribution. The spar foam housed 
leading edge tungsten weights to ensure chordwise mass balance. Finally, a root insert was 
included comprising 42 plies of unidirectional carbon/epoxy prepreg. After de-moulding the 
root insert was machined for attachment to the whirl rig grips. 
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Figure 2-35 Example Mach scale blade matched die moulding system [96] 
 
Figure 2-36 UH-60 Mach scale composite blade design [44] 
Bao et al. [44] produced five elastically tailored Mach scale composite rotor blades. Since the 
central focus of the study was elastic tailoring, it appears specific attention was not given to 
scaling blade stiffness and mass distribution from the full-scale blades. According to Shen 
[97] the UH-60 lock number is 8, whereas Bao et al. [44] use a value of 5.93 for the 
composite blade. Similarly, the Mach scale composite blade stiffness is not likely to have 
been scaled, given that the tip sweep was neglected and a constant aerofoil section was used. 
Correctly scaling the stiffness and mass distribution would be difficult in this case, since the 
blade radius is only 0.9 m. Such short blades can result in scaled spar area and skin thickness 
requirements that may not be practical. Additionally, because the UH-60 Black-Hawk uses a 
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fully articulated head, the root structure of the blade is significantly different to both the 
Kiowa OH-58A/C and Hiller UH-12E/L. While some aspects of the manufacturing method 
presented by Bao et al. [44, 48] can be utilised for this work, the design drivers for the project 
will require a different root structure and blade layup. 
2.4.2.3 Active Blade Concept 
Mainz et al. [98] and Crozier et al. [99] discuss the Active Blade Concept (ABC) project, 
which was a joint effort between ONERA, Eurocopter, DLR and Eurocopter Deutschland. 
The ABC is a 38% Mach scale composite rotor (Figure 2-37) of the Advanced Technology 
Rotor (ATR) which is used on the EC-145 [98]. The primary objective of the study was to 
validate the concept of trailing edge flaps for vibration reduction [99]. The study also 
considered the impact of the flaps on noise and aerodynamic performance. While the ABC 
rotor system and the objective of the study are not aligned with this MEng project, it is a good 
example of a recent Mach scale blade study that includes detailed information on blade 
manufacturing and testing. 
 
Figure 2-37 ABC Mach scale blade [98] 
The ABC blades have a 2.1 m radius and 140 mm chord, providing enough internal space for 
the flap and actuation systems along with numerous sensors [98]. With a blade of this size, 
careful consideration of the mould coefficient of thermal expansion is required, and this 
resulted in the use of composite moulds [98]. The first step in the blade manufacture was to 
create the blade upper and lower carbon skins, using the two female mould halves. Internal 
sensors, weights, and foam blocks were then attached along with the pre-cured glass spar and 
flap components. A description of the internal blade structure is shown in Figure 2-38. The 
assembly was then cured in matched die moulds in an oven (Figure 2-39). 
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Figure 2-38 ABC Mach scale blade construction features adapted from  ref. [98] 
The ABC blade construction is representative of typical European blade designs (see Section 
2.5.1). Specific detail on the C spar manufacturing process is not discussed by Mainz [98], but 
it is likely that separate moulds and machining operations were required. The five blades 
manufactured included 180 pressure sensors and 300 strain gauges with wiring internally 
routed to the root of each blade. According to Crozier et al. [99], wind tunnel test results 
(Figure 2-39) indicated that the 4P vertical shear load could be reduced 15% per degree of 
flap actuation. Closed-loop actuation was also performed with up to 20% reduction in 4P 
vertical shear, limited by the deflection boundaries imposed.  
 
 (a)          (b) 
Figure 2-39 (a) ABC matched die moulds [98] and (b) ABC wind tunnel tests [99] 
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While the ABC is based off the ATR, one problem is that the blades were attached to a scaled 
fully articulated hub. However, the full-scale ATR uses a rigid hub design and therefore the 
dynamics measured during wind tunnel testing of the ABC are not indicative of performance 
in the ATR application. The decision to test the ABC blades on a fully articulated hub was 
likely due to both the availability of the hub and the expense involved in manufacturing a 
scale rigid hub for testing. For this MEng project, a hub will be designed and manufactured 
specifically as a model version of the full-scale teetering hub. The dynamics of the scale 
blades will therefore closely replicate those of the full-scale blades. 
2.4.3 Conclusions 
Based on the literature reviewed it is apparent that Mach scale rotor blades offer an 
economical approach for experimental validation of theoretical models, as well as proof-of-
concept testing of full-scale blades. When designing scale blades, the Reynolds number 
scaling rule cannot be easily satisfied, and this is the primary cause of the disparity between 
model and full-scale blade performance data. To help limit this disparity, the model blades 
should be as large as practically possible and the blade mass and stiffness distributions should 
be correctly scaled. 
Three Mach scale blade studies relevant to this research work have been critically reviewed. 
To date there has not been a Mach scale blade program for the Kiowa OH-58A/C or Hiller 
UH-12E/L. In addressing this there will be some unique design and manufacturing challenges, 
particularly at the root of the blade. In 2006 Bao et al. [44 p.923] stated that there is a “notable 
lack of experimental verification mostly because of the absence of high quality Mach-scale 
composite tailored rotors”. As part of this MEng project, a manufacturing process will be 
developed for producing high quality Mach scale composite blades, and a whirl rig will be 
manufactured that is capable of testing these blades on a scaled teetering rotor hub. 
2.5 Manufacture of Composite Rotor Blades 
Kaman produced the world‟s first production all-composite rotor blade for the Bell AH-1 
Cobra in 1976 [7]. Many blades manufactured today feature a FRP composite construction. 
Rotor blade manufacturing is complex because of the strict design requirements on the final 
part [15, 16, 100, 101]. The aerofoil must have a high degree of dimensional tolerance, the 
centre of gravity must be accurately located, and the blades must have repeatable and precise 
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mass and stiffness distributions. Blades are typically over five metres long, demanding large-
scale moulding processes. The moulds must be uniformly heated and controlled throughout 
the cure cycle. Furthermore, many blade designs require the spar to be manufactured 
separately and then adhesively bonded to the blade afterbody. Some of the typical blade cross-
sections from both European and American designs are shown in Figure 2-40. 
 
Figure 2-40 Example composite blade cross-sections [100] 
2.5.1 Manufacturing Methodologies 
Two primary manufacturing methodologies are those developed in America and Europe. 
Unfortunately, publically available literature on Russian blade manufacturing is very limited 
and so cannot be reviewed. While there are a number of similarities between the American 
and European manufacturing approaches, there are a number of subtle, yet significant 
differences. American designs tend to be based on a D spar construction with a Nomex 
honeycomb afterbody. The spar is often cured separately and the consolidation pressure 
applied using an expandable bladder. Brogdon [61], Hoffrichter [62], Covington and 
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Baumgardner [15], and Anderson and Covington [16]  all provide detail on the traditional 
American manufacturing methodology. A graphical representation of this methodology is 
shown in Figure 2-41.  
 
Figure 2-41 Traditional American manufacturing method [16] 
One example of a blade built using this traditional manufacturing methodology is the MD 900 
Explorer. Lofland [101] describes the manufacturing process in detail. The blade materials 
include S-2 glass, E-Glass, Nomex honeycomb, titanium and nickel abrasion strips and 
stainless steel bushings. The blade is constructed using two matched female mould halves. 
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The spar is manufactured separately and pressure is applied via the expansion of an internal 
bladder (Figure 2-42). After cure, this bladder is removed from the spar. Then the honeycomb 
core and skins are bonded to form the blade afterbody. In each cure operation, heat is 
introduced through a heated press (Figure 2-42). Titanium and nickel erosion strips are then 
bonded to the blade before final painting and weight and balance checks. 
 
Figure 2-42 MD 900 Explorer spar manufacture involving (a) the blade spar, (b) spar 
bladder and (c) heated press [101] 
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Composite teetering rotor blades are manufactured using these conventional means for the 
Bell 214 and UH-1. However, on the late model Bell 429 (Figure 2-43) the blades were 
manufactured differently. Gardiner [102] reports that the Bell 429 blade is made using a 
single cure cycle and features a C spar with a Rohacell foam core, which are characteristic 
features of most European designs. By using a fibre placement machine, unidirectional glass 
prepreg is laid onto the blade skins in a repeatable manner. Using the foam afterbody to apply 
the internal pressure, a separate spar cure is no longer necessary. This reduces the 
manufacturing time and cost since spar moulds are no longer required. Gardiner [102] also 
explains that with the development of toughened epoxy resins, carbon fibre/epoxy skins can 
now be used to reduce weight while maintaining damage tolerance. This latest manufacturing 
methodology by Bell Helicopter is very similar to those used by Eurocopter and 
AgustaWestland. 
 
Figure 2-43 Bell 429 composite blade 
European designs are based on either D or C spar constructions, and normally consist of a 
foam core. One advantage of using a C spar, such as that in the BO-105 blade (Figure 2-40), 
is that the blade can easily be manufactured in a single step. In the past, a D spar was 
preferred because the spar, which is the main structural element, can be inspected prior to 
attachment to the afterbody. A D spar configuration also has better ballistic tolerance [62]. An 
example of a European D spar blade cross-section is shown in Figure 2-44. White [21] 
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provides a good overview of blade development for the Lynx and Sea King blades which are 
representative of the European manufacturing methodology. 
 
Figure 2-44 Typical Eurocopter blade cross-section 
Some European blade designs still use a two-cycle cure process, such as for the EC-135 and 
EC-145. However, as the manufacturing techniques continue to mature it is likely that single 
shot blade cures will become more common due to the benefits in cost, efficiency and reduced 
production time. 
Across all FRP composite blades there are some common constructional features. Such 
features normally include either a glass/epoxy or hybrid glass and carbon/epoxy spar 
construction, with unidirectional fibres running spanwise to carry the centripetal and bending 
loads of the blade. The spar often has internal and external torque wraps consisting of fibres 
orientated at ±45°. The blade skins are normally glass/epoxy or carbon/epoxy and are 
orientated at ±45° to react torsional loads. Also, there is normally some means of including 
weight in the nose of the aerofoil to shift the chordwise centre of gravity to approximately 
25% chord. This ensures that the centre of pressure and the centre of gravity are closely 
aligned to prevent instabilities such as flutter or divergence [5]. Finally, most composite 
blades include an integral erosion strip to protect the leading edge of the blade. This erosion 
strip is typically a metal such as nickel, stainless steel or titanium, but can also be a formable 
urethane. 
2.5.2 Root Interface 
Transfer of the blade centripetal, bending and torsional loads into the grips requires careful 
consideration of the root interface. This interface varies considerably with different aircraft 
types. Some of the typical root interfaces are shown in Figure 2-45 . The upper right image is 
indicative of a teetering rotor with a drag strut lead-lag restraint system. This interface type is 
commonly used in teetering rotors and is well documented [38]. However, notably missing are 
root interfaces for teetering rotors that utilise an integral lead-lag restraint (see Section 2.3.1). 
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In 1977 the U.S. Army contracted Bell Helicopter Textron, Boeing Vertol Company and 
Kaman Aerospace Corporation to present preliminary design investigations of a composite 
blade alternative for the Kiowa OH-58A/C helicopter [12, 61, 62]. While no production or 
experimental blades were ever made, these reports provide valuable baseline data for the 
existing metal blades, as well as comprehensive theoretical investigations into a composite 
blade alternative for the Kiowa. As part of the investigations, the problem of interfacing a 
composite blade to an integral lead-lag restraint system was addressed. 
 
Figure 2-45 Root interface designs [100] 
All three proposals contain different approaches to reacting the lead-lag loads, indicating that 
a universally accepted solution is yet to be developed. Harderson and Blackburn [12] consider 
a range of configurations, but select an integral design (design 2 in Figure 2-46), whereby the 
filament wound spar is extended into the lead-lag restraint area. Exact details on how this was 
going to be done are not revealed. However, the diagrams indicate that a hole is bored through 
a thick laminate outboard from the spar root. Such a configuration would result in 
considerable stress concentrations in the bushing area. 
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Hoffrichter [62] considered four different approaches to the problem. The first was upper and 
lower graphite doublers bonded to the blade. The second and third designs consisted of an 
aluminium fitting bonded internally between the spar packs. However, the final approach was 
to extend the Kevlar leading and trailing edge fibre into the root area (Figure 2-47). The latter 
method is probably quite efficient at reacting the chordwise loads, but specific details on how 
this was to be practically done were not presented. This design was later patented [39]. 
 
Figure 2-46 Root interface designs for the Kiowa OH-58A/C [12] 
 
Figure 2-47 Integral lead-lag restraint design [62] 
Kevlar extensions 
Spacer 
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Brogdon [61] elected to use titanium grip plates bonded to the upper and lower blade surfaces 
to transfer chordwise loads into the hub (Figure 2-48). The only potential problem with this 
approach is that the design relies entirely on the integrity of the bondline. Over the proposed 
3600 hour blade life, the bondline will encounter over 75 million fatigue cycles in a variety of 
environments, and therefore the durability of this design would need rigorous testing. 
 
Figure 2-48 Titanium grip pad lead-lag restraint design [61] 
While these root interface designs may be suitable for the Kiowa OH-58A/C, for this research 
work, additional constraints are applied to ensure the blade is also compatible with the Hiller 
UH-12E/L hub. Since none of the proposed methodologies satisfy this requirement, a new 
interface method must be developed as part of this MEng project. 
2.5.3 Conclusions 
There are two main blade manufacturing methodologies stemming from blade development in 
America and Europe. America has manufactured composite blades for teetering rotorcraft, 
such as for the Bell 214 and UH-1. However, both of these blades interface to the hub with a 
drag brace similar to that of the Hiller UH-12E/L (Figure 2-18). Only three investigations 
were found on composite blades attaching to an integral lead-lag restraint system. None of 
these studies led to experimental testing, and the proposed solutions to the root interface 
problem are not suitable for the research objectives of this project. As such a new attachment 
scheme must be developed. 
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No literature could be found on multi-platform blades where the blades can be attached to 
aircraft manufactured by two different companies. This is because blades are normally 
designed within the company that produces the airframes, and therefore blades are designed 
only for their fleet. This MEng project will explore the possibility of manufacturing a multi-
platform blade suitable for attachment to the Kiowa OH-58A/C and Hiller UH-12E/L. 
2.6 Experimental Testing of Mach Scale Blades 
Experimental testing is required to validate the analytical and numerical models used for 
blade design. It normally involves testing both hover and forward flight conditions using a 
suitable rotor test rig and data acquisition system. Since this MEng project is considering 
scale helicopter blades, the focus of this review is to examine model rotor test rigs.  
Matheson [103] suggests that rotor test rigs can be broadly classified as pylon or fuselage rigs. 
In the case of a pylon rig, the drive and control system components are located axially below 
the rotor system. A fuselage rig requires all components to be placed within a model fuselage, 
which can be difficult due to the confined space. The advantage of a fuselage model is that it 
is more representative of a complete aircraft and therefore performance measurements have 
the potential of being more accurate. 
2.6.1 Mach Scale Blade Test Rigs 
Wilson [104] discusses the development of the General Rotor Model System (GRMS) used to 
test scale helicopter models in both hover and forward flight within the NASA Langley 
V/STOL wind tunnel (Figure 2-49). The GRMS was developed following collaboration 
between NASA Langley, U.S. Army Air Mobility Research and Development Laboratory and 
Sikorsky Aircraft, and represents a fuselage type test rig. According to Wilson, the objective 
of the GRMS was to be able to test a variety of rotor systems and fuselage configurations 
without having to manufacture models for individual investigations. 
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Figure 2-49 General Rotor Model System internal systems [104] 
The rig features a 180 hp variable frequency electric motor drive system, capable of providing 
a main rotor and tail rotor tip speed of 213 m/s [104]. Blade diameters from 2.7 m to 3.7 m 
can be tested on either articulated, rigid, or teetering hubs. The rig features a six-component 
strain gauge balance for determining rotor loads and moments, and also has a fully 
controllable swashplate driven by three electric motors. Sensor data from blade and hub 
instrumentation is transferred back to the stationary frame through a slip ring assembly. The 
GRMS has been used to investigate teetering rotor systems including the quarter-scale AH-1G 
Cobra [104], and quarter-scale composite blades for the UH-1 [94]. 
Phelps and Berry [105] describe the fuselage type 2-Meter Rotor Test System (2MRTS), 
developed for the U.S. Army. The 2MRTS was designed as a research tool for investigating 
scale rotors and helicopter models within wind tunnels of moderate size, capable of 
facilitating a two metre rotor diameter (Figure 2-50). The 2MRTS features a 29 hp three-
phase electric motor driving a fully articulated, teetering, or hingeless rotor hub through a 
two-stage 90
0
 gearbox. A six-component strain gauge balance is used to measure lift, drag and 
moments. Rotor instrumentation allows for real-time monitoring of flapping and lagging 
motions, chordwise and flapwise bending stresses, blade torsional stresses and pitch link 
loads. These signals are transferred through a 36 channel slip ring back to the stationary 
frame. Pitch control is achieved through a conventional swashplate arrangement, which is 
controlled by three electromechanical actuators. Phelps and Berry discuss the main 
components of the 2MRTS in detail, and also present a number of test programs that have 
used the whirl rig, one of which involved a scale four-bladed Kiowa scout. 
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Figure 2-50 U.S. Army 2-Meter Rotor Test System [105] 
The French research centre ONERA also developed a rotor test rig for use in their S1 Modane 
wind tunnel [106, 107]. This pylon type rig can test blades up to 4.2 m in diameter with a 
rotation speed up to 1100 RPM. The drive system features a 500 kW electric motor capable of 
delivering 7000 Nm of torque either clockwise or anticlockwise. A unique feature of this rotor 
test rig is that it can be rotated from +20
0
 to -95
0
 to simulate a range of rotor attitudes (Figure 
2-51). The rig also features a balance comprising six dynamometers; three measure lift, roll 
and pitch, and three measure propulsive force, lateral force and rotor bearing friction. Torsion 
up to 3000 Nm is measured within the balance from strain gauges, and the signals are 
transferred through a conventional slip ring. By employing a multiplexer, up to 720 channels 
of data can be recorded with background noise lower than 10 mV. According to Crozier [107] 
the rotor performance measurements have an accuracy of approximately ±1%. This whirl rig 
was recently used to test the ABC blades as described in Section 2.4.2.3, and the complex hub 
that was used for the testing is shown in Figure 2-52. 
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Figure 2-51 Rotor test rig in the Modane S1 wind tunnel [107] 
 
Figure 2-52 Fully articulated scale rotor hub [99] 
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Matheson [103] describes a scale rotor test rig developed in Melbourne at the Aeronautical 
Research Laboratories, now the Defence Science and Technology Organisation (DSTO). This 
pylon type rotor rig features an AC electric motor capable of generating 33 kW continuously 
with a maximum rotor RPM of 4600. A five-component balance is used to measure rotor 
loads, and signals from rotating sensors are transmitted through a slip ring to the stationary 
frame. The main features of the rig are presented in Figure 2-53. A unique test cell was 
constructed to surround the whirl rig for hover testing, allowing airflow to enter vents at the 
top of the building and exit through doors at the base. However, this test rig is no longer 
operational. 
 
Figure 2-53 Pylon rotor test rig at DSTO [103] 
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Many other scale rotor test rigs have been developed such as at DLR, Boeing, Korean 
Aerospace Research Institute, Princeton University and the University of Maryland [85, 103, 
108-110]. To facilitate the experimental investigations of this research work, a simple rotor 
rig must be constructed, and be capable of recording lift and torque loads. While the primary 
focus is on hover performance, the rig should be designed with the potential for forward flight 
testing and therefore have full cyclic and collective control. Since access to a wind tunnel 
capable of testing a Mach scale rotor is not feasible for this project, an alternative approach is 
required, which may not resemble a conventional rotor test rig. 
2.6.2 Conclusions 
Experimental testing is necessary to validate analytical and numerical predictions of rotor 
performance. Experimentally testing Mach scale blades requires the use of a rotor test rig 
which can operate the blades at full-scale tip speeds, and record performance parameters such 
as lift and torque. Additional data of pitch link loads and flapwise, chordwise and torsional 
stresses, is also desirable. Conventional rotor test rigs employ either fuselage or pylon type 
constructions, whereby variable frequency electric motors provide the drive mechanism. 
These rigs are often generic, such that with minimal modification different rotor 
configurations can be tested. Since access to such a rig is not available for this MEng project, 
a unique rotor test rig must be developed to facilitate validation of the theoretical analysis. 
2.7 Summary and Outcomes of Literature Review 
Literature relevant to this MEng project has been critically analysed and presented. Firstly, to 
provide context to this project, a historical background to composite rotors was presented. 
Driving factors behind the transition from aluminium to composite blades were investigated, 
along with some of the early composite blade development programs. Then a review of the 
BERP IV blade was presented, which represents the state-of-the-art in composite blade 
technology. Some of the characteristic design and manufacturing features, such as linearly 
interpolated aerofoils and In-Mould Pressing, will be applied to this research work. 
Blade design was then considered, with a focus on developing a simple predictive capability 
spanning the disciplines of aerodynamics, structures and dynamics. It was found that blade 
design is multi-disciplinary and highly iterative. While analysis tools of varying complexity 
have been created by helicopter manufacturers and research organisations, these codes are not 
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available for this research work. Therefore, numerical modelling and analysis tools must be 
developed within this project to address the design requirements of Mach scale composite 
blades. 
After presenting the important scaling considerations, three relevant Mach scale blade studies 
were reviewed. The first study indicated that an optimised composite blade upgrade for a 
teetering rotor system, that uses rectangular metal blades, could result in substantial 
performance improvements. While many aspects of these studies are similar to this project, no 
research has been conducted on Mach scale blades for the Kiowa OH-58A/C or Hiller UH-
12E/L, either theoretically or experimentally. 
Blade manufacturing was then reviewed and two prominent manufacturing methodologies 
stemming from American and European blade development programs were presented. The 
blade manufacturing technique was found to be highly dependent on the root interface and 
subsequently the rotor head type. Since most composite blade designs interface to articulated 
or rigid rotor hubs, only three studies were found on interfacing a composite rotor to a 
teetering rotor head with integral lead-lag restraint. None of the solutions presented are 
suitable for this research work, and therefore a unique attachment method must be developed. 
Rotor rigs used for experimental testing were reviewed, showing that conventional 
configurations are either pylon or fuselage type rigs. Power is typically provided by a variable 
frequency electric motor and the rigs are normally designed for use within a wind tunnel to 
simulate both hover and forward flight conditions. Since access to an existing rotor test rig 
and wind tunnel facility is not feasible, a unique rotor test rig must be developed. 
The literature review highlights the advantages of composite materials in helicopter rotor 
blades, yet shows that only limited studies have been performed on teetering rotor designs, 
and no research has been done on multi-platform blades. To address these research gaps, this 
MEng project aims to design, manufacture and experimentally test a multi-platform 
composite blade that can attach to the Kiowa OH-58A/C and Hiller UH-12E/L helicopters. 
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CHAPTER 3 
NUMERICAL MODELLING AND ANALYSIS 
Abstract 
This chapter covers the development of numerical modelling and analysis tools that can be 
used to design Mach scale composite blades. These tools include three MATLAB R2007a-
based models which analyse the aerodynamic, structural and dynamic blade response. These 
models are linked together using a common dataset which minimises data entry requirements 
and provides the basis for performance comparisons between different blade geometries and 
operating conditions.  
The aerodynamics model uses Blade Element Momentum Theory (BEMT) to solve for the 
aerodynamic conditions across the rotor span for both hover and trimmed forward flight 
conditions. BEMT is used with a number of enhancements that improve the accuracy and 
capability of the theory, including a 2-D compressible viscous flow analysis to calculate local 
aerofoil performance. This ensures accurate treatment of local Reynolds number and Mach 
number effects.  
The structures model analyses the blade mass and stiffness properties using simple beam 
theory and cross-sectional analysis. Once the blade loads are calculated, the structures model 
computes blade stresses in each cross-sectional element using the Tsai-Hill failure criterion. 
The location of the critical stress within each cross-section can be identified, along with its 
associated margin of safety. 
Finally, the dynamics model analyses both free and forced blade responses, using an extended 
Myklestad theory with fully coupled modes. The free response component provides blade 
natural frequencies and mode shapes, while the forced response component predicts blade 
loads from specified loading conditions. These loading conditions can encompass both hover 
and forward flight load profiles, such that the critical load cases are appropriately represented. 
Where possible these numerical models were validated against published data or experimental 
testing results, and will facilitate the Mach scale composite blade design for this research 
work. 
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3.1 Data Entry System 
Access was not available to rotor blade design tools developed by industry and specialised 
research centres, due to their proprietary nature. Such tools are essential for addressing the 
multidisciplinary and inherently iterative process in designing composite blades. To address 
this need, three MATLAB R2007a-based models have been developed, by the author, to 
perform fully-coupled aerodynamic, structural and dynamic blade design. The models have 
been developed from first principles, and while they are in most respects simpler than some of 
the modern rotary wing analysis techniques, they serve as a fast and efficient means of 
designing composite blades. The primary objective of creating these models is to develop a 
robust analysis capability which, once validated against published data or experimental 
results, can be used to predict the performance of any composite teetering rotor configuration.  
The three main analytical models of aerodynamics, structures and dynamics, are accessed and 
coupled through a generic data input Graphical User Interface (GUI). Data which is common 
between the models is entered only once into the generic GUI (Figure 3-1). Separate GUIs for 
the aerodynamics, structures and dynamics models provide additional inputs as required for 
that particular analysis.  
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Figure 3-1 Generic data GUI used for coupling the aerodynamics, structures and dynamics models 
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3.2 Aerodynamics Model 
The aerodynamics model addresses hover and forward flight using Blade Element Momentum 
Theory (BEMT). BEMT is a relatively simple theory for addressing the major aerodynamic 
phenomena of a helicopter rotor system. This theory is incorporated into the aerodynamics 
model with a number of enhancements that improve the accuracy and capability of the model. 
These enhancements include a 2-D viscous and compressible flow analysis of each blade 
element, empirical correction for tip loss and wake rotation, and the capability of analysing up 
to three different aerofoils along the blade span. The model also facilitates linear planform 
taper, linear or hyperbolic twist, and a root cut-out section. However, for both hover and 
forward flight the model does not address BVI, and the blade is assumed to be infinitely stiff 
in torsion such that the local angle of attack is not affected by elastic twisting. 
In hover, BEMT theory states that an aerodynamically optimal rotor blade is one that is 
hyperbolically twisted and hyperbolically tapered [6, 59]. This theoretically optimal profile 
gives a uniform bound circulation distribution and therefore minimum induced drag. Under 
these conditions, and neglecting profile power losses, the rotor will operate at the ideal power: 
 
      
    
    
 (3.1)  
where T is rotor thrust, A is rotor disc area and ρ is air density. This can also be written as: 
 
     
 
  
  
  
 (3.2)  
where DL is the disc loading as represented by T/A. The ratio between power required and 
thrust generated (Eq. 3.2), is an overall indicator of helicopter performance. The smaller this 
fraction the more efficiently the aircraft is operating. To minimise this ratio, a small disc 
loading is required and therefore a large disc area. In this project, the disc area is a fixed value 
from the target aircraft, and consequently no improvement in hover performance can be 
gained in this way. In practice, increasing the disc area has finite limits due to rotor drag in 
forward flight, additional weight and transportation implications. 
The power required to hover is always significantly higher than the theoretically ideal power 
level for two reasons. Firstly, profile drag is not considered in the analysis (Eq. 3.1-3.2) and 
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secondly, practical rotors cannot have the ideal blade profile and this causes induced power 
losses. To account for the induced power loss, an induced power factor k is included in the 
analysis to artificially increase the induced power. Accounting for profile and induced losses, 
the total power required to hover is: 
 
   
      
     
 
 
     
    
 (3.3)  
where k is typically between 1 and 1.15, Cd0 is the profile drag coefficient, and σ is the overall 
solidity. A good aerodynamic blade design is one which minimises both profile and induced 
power components. Careful selection of aerofoil profiles and chord length will primarily 
reduce the profile component, while increased twist will primarily reduce the induced power.  
By splitting the blade up into short spanwise sections, BEMT can be applied to these discrete 
regions and then integrated across the blade span. By incorporating a 2-D flow treatment to 
each discrete aerofoil section, the non-uniform flow parameters can be calculated across the 
blade. Such treatment allows for a non-uniform inflow distribution such that the induced 
power factor is no longer constant across the span. Further refinements are made by including 
a tip loss function and the effects of wake rotation. The MATLAB GUI that was developed 
for the aerodynamics hover model is shown in Figure 3-2. 
 
Figure 3-2 Aerodynamics analysis GUI for hover 
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One of the objectives of this research work is to ensure that the forward flight performance of 
the improved composite blade is the same as, or better than, the baseline metal blade. To 
satisfy this objective a forward flight analysis is required, and a separate GUI was created to 
address this problem (Figure 3-3). A numerical BEMT approach was again selected to 
calculate the rotor performance, and is described in detail by Prouty [59]. The overall 
approach is to lock the flapping hinge and calculate the blade loads around the azimuth. These 
loads are used to compute pitching and rolling moments which will approach zero with an 
appropriate cyclic input. This condition represents the trim state, at which point the flapping 
hinge can be unlocked without a change in rotor conditions. This is based on the premise of 
equivalence between flapping and feathering.  
 
Figure 3-3 Aerodynamics analysis GUI for forward flight 
In the same manner as for the hover analysis, the local flow conditions at the blade element of 
interest must be determined. This involves calculating the local angle of attack, flow speed 
and Reynolds number. In forward flight, the blade element angle of attack is a function of: 
blade rotation, forward flight speed, blade flapping, inflow distribution, blade twist, mast tilt, 
blade coning and cyclic and collective control positions. Additionally, unsteady aerodynamic 
effects caused by yawed flow and pitching rate should be included when determining the lift, 
drag and moment coefficients of a blade element. These considerations are described by 
Prouty [59]. 
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The induced velocity through the rotor in forward flight is far more complex than in hover, 
and warrants special consideration. Prouty [59] suggests a linear inflow model as defined by: 
         
 
 
      (3.4)  
where ψ is the azimuthal angle and v1 is the induced velocity determined by: 
  
   
    
  
 (3.5)  
where µ is the advance ratio given by: 
 
  
 
  
        (3.6)  
The helicopter forward speed is represented by V, and αTPP is the angle of the blade tip plane 
path. This linear inflow model is relatively simple because it assumes a constant lateral inflow 
across the rotor disc, and accuracy can potentially be improved (when compared to Eq. 3.4) 
by incorporating a Drees inflow model [6]: 
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where the weighting factors kx and ky are given by: 
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with χ referring to the wake skew angle as defined by: 
         
  
        
  (3.9)  
where subscripts x and z refer to the advance ratio parallel and perpendicular to the rotor disc, 
respectively. The calculation of the wake skew angle is iterative since it is a function of the 
inflow profile, but it was found to easily converge after four iterations. The Drees inflow 
model is included into the aerodynamics forward flight analysis to better represent the inflow 
profile. 
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3.2.1 2-D Flow Analysis 
Both the hover and forward flight aerodynamics models incorporate a compressible and 
viscous 2-D flow solution for each blade element. Normally, lookup tables are used to 
determine lift, drag, moment and centre-of-pressure values. However, with increased 
computing power, a 2-D flow solution for each element can be generated real-time, ensuring 
accurate analysis of the Reynolds number, Mach number and angle of attack. The 2-D flow 
software used is XFoil version 6.94 developed by MIT University and written in FORTRAN. 
MATLAB cannot directly communicate with XFoil, and therefore a unique solution was 
developed, whereby a Perl script file is used as an interface link
3
. A flowchart of the process 
is shown in Figure 3-4. 
 
 
 
 
Figure 3-4 2-D flow solution process 
This interface between MATLAB and XFoil is used not only for blade performance 
calculations, but also to analyse optimum aerofoils for a given spanwise location. For 
example, the interface can be used to generate overlaid plots of lift-to-drag ratio (L/D) as a 
function of lift coefficient, for a variety of aerofoils. A good aerofoil selection is characterised 
by the highest L/D ratio for a particular lift coefficient. By inputting flow conditions that are 
representative of select stations across the blade span, these plots can be used to rapidly 
identify the best aerofoil for the station of interest. Moment coefficients can also be rapidly 
investigated. A low pitching moment at a particular operating state is highly desired, as this 
will lower torsional moments and help prevent pitch-flap instabilities. 
To further refine aerofoil selection, an efficiency factor represented by   
   
    can be plotted 
against pitch angle for a series of aerofoils. This efficiency factor is directly proportional to 
                                                 
3
 This solution is based on a modified Perl script, originally written and donated by Clayton Chu from the 
University of Washington. 
MATLAB 
Aerodynamics 
Model (BEMT) 
Perl Script  
XFoil 2-D Flow 
Solution 
Outputs – Cl Cm Cd0 Xcp 
Inputs – AoA, Ma, 
Re, Aerofoil  
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the Figure of Merit and is therefore an influential parameter for selecting aerofoils. Such rapid 
and detailed investigations into optimum aerofoils will facilitate the improved design for the 
Mach scale composite blade. 
3.2.2 Aerofoil Distribution 
The aerodynamics model allows for up to three different aerofoil profiles to be selected along 
the blade span. Spanwise locations can be specified for an instantaneous change from one 
aerofoil to the next, or a linear interpolation can be performed across the blade span. Linear 
interpolation of aerofoils is particularly useful for aerodynamic blade design, since the 
aerodynamic environment changes considerably across the blade span. The use of XFoil 
ensures that the aerofoil coordinates resulting from linear interpolation are appropriately 
analysed. 
The aerodynamics model allows for a root cut-out area, to account for the rotor hub and blade 
transition into the grip. For a teetering rotor blade system this is typically set to approximately 
20% of the blade span. Within the root cut-out, the structure is considered to generate no lift, 
but profile drag is still computed.  
No capability has been provided for swept or BERP-like tip profiles in the model. Since the 
target aircraft operate with a low Velocity Never Exceed (VNE) limit (120 knots), such tip 
profiles are not applicable to this research work. 
3.2.3 Twist and Taper 
Blade twist can be specified mathematically as linear or hyperbolic shape functions. In the 
case of hover, this blade incidence is then used with the collective pitch setting, rotational 
velocity and local induced velocity to determine the local angle of attack. By modifying the 
collective pitch setting, the hover code can iterate toward a specified lift requirement. The lift 
required is the MTOW multiplied by a vertical drag factor which the user can specify to 
represent the influence of the helicopter fuselage. In forward flight, a number of other 
parameters need to be considered, such as rotor H force and the fuselage flat plate area. 
Linear blade taper can also be incorporated by specifying a taper initiation point and the root 
and tip chord lengths. Although BEMT suggests that hyperbolic taper is a desired profile for 
hover performance, the actual benefits do not outweigh the forward flight penalties and 
manufacturing inconvenience, and therefore only linear taper is included in the model. 
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3.2.4 Atmosphere 
To account for blade design points away from sea level ISA, an atmospheric model is 
included in the aerodynamics analysis. This inclusion allows the user to specify the aircraft 
operating conditions in terms of pressure altitude and temperature. The code then computes 
local density for use in the aerodynamics computations. For this research work, a design point 
of 4000 ft and 35°C was specified, and at this design point the local air density was calculated 
to be 0.989 kg/m
3
. 
3.2.5 Tip Loss 
In the hover analysis, by applying the Prandtl-Glauert tip loss factor, the local induced 
velocity at the blade tip is increased considerably. This has the effect of reducing the lift at the 
blade tip to represent finite lifting body behaviour. It should be noted that by incorporating the 
2-D flow solution, the inflow distribution is non-linear to begin with, and then by applying the 
tip loss function the distribution is further distorted at the blade tip. The tip loss factor F is 
calculated by [6]: 
 
   
 
 
                (3.10)  
where f  is given by: 
 
  
  
 
 
   
  
  (3.11)  
where ϕ is the induced inflow angle, Nb is the number of blades, and r is the non-dimensional 
radial location. The resultant tip loss factor is then applied to both the induced velocity 
calculations and the local elemental thrust. Since the tip loss function is dependent on the 
induced velocity and then, in turn, affects the induced velocity, the calculations are iterative. 
Five iterations were found to be suitable for converging on a stable tip loss factor. 
This type of tip loss correction is only suitable for the hover investigation. In the forward 
flight analysis a trapezoidal correction was selected as described by Prouty [59]. 
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3.2.6 Wake Rotation 
The target aircraft being considered (the Kiowa OH-58A/C and Hiller UH-12E/L), have low 
disc loadings and therefore power loss due to wake rotation (swirl) is low. However, wake 
rotation does increase the induced power according to the equation [59]: 
 
       
        
 
 
  
  
 
 
 
  
    
      
   
      
 
 
 
 
 
 (3.12)  
A representative hover thrust coefficient of 0.0033 results in an induced power increase of 
about 1%. This correction was only included in the hover analysis. 
3.2.7 Blade Vortex Interaction 
Prouty [59 p.58] provides an empirical correction factor for hover performance data to 
account for BVI. However, this empirical factor also accounts for tip loss and wake rotation 
which has already been addressed in the BEMT model using analytical approaches. 
Furthermore, because of the low disc loading of the teetering rotor, the suggested empirical 
factor resulted in a corrected power that was lower than the calculated power requirement. 
This result was questionable, and therefore an empirical BVI correction was not included in 
the model. 
3.3 Structures Model 
The structures model is divided into two separate components, with the first producing basic 
structural blade data and the second facilitating a detailed stress analysis. The first component 
is essentially a blade cross-sectional analysis model. This requires inputs of geometric blade 
data provided by the coupled aerodynamics model, along with user-selected structural 
geometries and material properties. The second component features a stress analysis survey 
which requires a complete definition of the blade loading environment, and this is provided by 
the dynamics analysis. The GUI developed for performing the blade structures analysis is 
shown in Figure 3-5. 
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Figure 3-5 Structures analysis GUI
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3.3.1 Cross-Sectional Blade Model 
The cross-sectional model must be capable of accurately representing a composite blade 
cross-section comprised of a spar, torque wraps, core, skins and trailing edge fibre (Figure 
3-6). It must also include treatment of inertia weights and film adhesives where applicable. 
 
 
 
Figure 3-6 Typical composite blade cross-section 
Based on the geometry of the blade cross-section, the model computes the following 
structural design parameters: 
 axial, flapwise, chordwise and torsional stiffness distributions 
 flapwise and chordwise mass distributions 
 neutral axis and centre of gravity distributions 
 centripetal loads 
 component areas and masses 
 autorotation index and Lock number. 
The first task the cross-sectional model undertakes is geometrical representation of the blade 
cross-section. This begins by identifying the aerofoil geometry and the local chord. The blade 
skin is then defined as offset coordinates from the external aerofoil contour. A rear spar wall 
location is then defined, followed by definition of the spar torque wraps. The spar profile is 
determined by an iterative analysis until the target spar area is achieved. Internal torque wraps 
are then included, as well as a trailing edge fibre region. If film adhesive is used in the blade 
spar and afterbody, this is also included as a separate set of coordinates. A typical blade cross-
section created using this process is shown in Figure 3-7. 
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Structural mechanics can be used to compute blade component areas and centroid values. 
Using this data, along with the blade component density, the chordwise and spanwise mass 
distributions can be computed. As well as this, the cross-section centre of gravity can be 
determined for each spanwise element using: 
 
     
        
 
   
     
 
   
                        
        
 
   
     
 
   
 (3.13)  
where i refers to a blade cross-section component (e.g. blade skins) where there are n 
components, and xc and yc refer to the centroid of that blade component from the reference 
axis. The reference axis (or origin) for the computations was selected to be the nose of the 
aerofoil. In a similar manner, the neutral axis of a spanwise element can be located: 
 
    
        
 
   
     
 
   
                       
        
 
   
     
 
   
 (3.14)  
where E refers to the axial modulus of the blade component. Knowing the neutral axis allows 
calculation of the flapwise and chordwise second moments of area about the neutral axis, 
using the parallel axis theorem. Using this data, the spanwise element axial, flapwise and 
chordwise stiffness can be calculated using: 
 
                    
 
   
              
 
   
                      
 
   
 (3.15)  
where subscripts a, b and c refer to axial, beamwise (or flapwise) and chordwise orientations 
respectively. By replacing the modulus terms with density, the mass moment of inertia values 
can also be calculated. This information can be used to compute the Lock number, centripetal 
loads and autorotation index (AI). The AI is calculated using [6]: 
 
   
   
 
     
 (3.16)  
where W is the weight of the aircraft and Ib is the mass moment of inertia for both blades. The 
final task for the cross-sectional analysis is to compute torsional stiffness, which is the 
product of the shear modulus and torsion constant J. For the blade skins and torsion wraps, 
the torsion constant is calculated assuming thin-wall closed cell theory as described by: 
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where t is the component thickness and P is the perimeter distance. This thin-wall theory 
cannot be applied to the spar and trailing edge fibre due to their geometry. Instead, they are 
assumed to be solid cylinders. While this geometry is not entirely representative, the resultant 
torsional stiffness error from this assumption is small. This is because the torsion constant and 
shear modulus of the spar and trailing edge are low in comparison to the skins and torsion 
wraps. 
Validation of the cross-sectional model was performed throughout the model development. 
Outputs were validated against SolidWorks (2007) cross-sectional results of individual blade 
components and a complete blade assembly with excellent agreement (Table 3-1). The 
moment of inertia values were taken about the neutral axis which was initially determined by 
the cross-sectional model. The blade sections used for the validation study are representative 
of the blades designed within this research work (Figure 3-7 and Figure 3-8).  
Table 3-1 Cross-sectional model validation study 
 Area (mm
2
) 
Centre of Gravity  
(X mm, Y mm) 
Moment of Inertia  
Ixx (mm
4
) 
Moment of Inertia 
Iyy (mm
4
) 
 Model SW2007 Model SW2007 Model SW2007 Model SW2007 
Skin 56.02 56.04 54.43, 1.57 54.45, 1.57 1118.3 1119.2 121690 121835 
Spar 57.90 57.59 12.64, 1.93 12.58, 1.93 694.7 696.2 9941 10491 
Torsion 
Wrap 
25.12 25.15 23.01, 2.23 22.88, 2.23 481.8 482.3 4233 4241 
Trailing 
Edge 
2.84 2.82 
106.09, -
0.13 
106.08, -
0.14 
12.1 11.0 23190 20545 
Afterbody 
Core 
487.97 487.95 64.30, 1.66 64.29, 1.66 3463.8 3468.1 1.062E
6 
1.060E
6 
Spar Core 263.27 263.30 23.75, 2.41 23.42, 2.40 1753.8 1754.4 22279 21658 
Complete 
Blade 
927.84 927.84 39.94, 1.82 39.86, 1.81 8096.0 8103.6 1.303E
6 
1.301E
6
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Figure 3-7 Composite blade structural geometry produced by the MATLAB cross-sectional model and used for the validation study 
 
 
Figure 3-8 SolidWorks composite blade used for the cross-sectional blade model validation study
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SolidWorks (2007) cannot provide blade cross-section stiffness because modulus data cannot 
be assigned to individual blade components. Therefore, to validate the cross-sectional model 
stiffness outputs, a deflection experiment was performed on the baseline Mach scale blade. 
The test involved loading the blade tip (at the quarter chord location) in 0.1 kg increments up 
to 1 kg, while measuring static tip deflection with a fixed ruler (Figure 3-9). Prior to taking 
each measurement, a level on the grip was checked to ensure the blade remained at flat pitch. 
The static deflection data was then compared to the cross-sectional blade model predictions, 
which involved the use of the flapwise stiffness calculations. As shown in Figure 3-10, there 
was good correlation between the experimental and theoretical data, and therefore the 
flapwise stiffness calculations are considered valid. The chordwise stiffness calculations were 
performed in a similar manner, and are therefore also considered valid. Torsional stiffness is 
more complex to experimentally validate, and was therefore not included in the validation 
study. 
 
Figure 3-9 Static blade deflection test on the baseline Mach scale composite blade 
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Figure 3-10 Validation of flapwise stiffness prediction from the cross-sectional model using 
experimental data from static tip deflections on a baseline Mach scale blade 
3.3.2 Stress Analysis 
The second component of the structures model involves a stress analysis to determine the 
margins of safety of each blade component, when subject to the critical loading conditions. 
The loads are received from the forced response component of the dynamics model, and 
include centripetal, bending (flapwise and chordwise) and torsional loads.  
Many models exist to calculate design stress limits of composite structures such as the Tsai-
Hill, Tsai-Wu, maximum stress, and maximum strain failure criteria. Nineteen theoretical 
approaches for predicting composite laminate deformation and failure response are reviewed 
in detail as part of the World-Wide Failure Exercise [111]. Each theory has its own limits in 
accuracy, depending on many factors such as the ply layup, fibre type and loading conditions. 
Any of these models could have been used to analyse the composite blade cross-section, but 
for this research work the Tsai Hill failure criterion was chosen. This theory was chosen 
because it is easy to implement, provides reasonably accurate strength predictions and has 
been used for composite rotor blade design in the past [53, 61]. The margin of safety of a 
composite blade can be calculated using the Tsai-Hill failure criterion according to: 
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Inputs to the criterion are the critical axial stress fn and shear stress fs values for a given blade 
component (e.g. spar, skin etc.). The axial stress is calculated by assuming that the blade 
components will react the bending and centripetal loads in proportion to their axial modulus: 
 
        
   
     
 
   
     
 
   
  
  (3.19)  
Brogdon [61] uses this stress analysis approach and suggests that the shear stress component 
need only include the torsional loading. In this case, the blade components can be considered 
as a set of thin-wall closed cells with constant shear flow. The torsion load must therefore be 
reacted by the sum of the shear flows in each of the blade components: 
 
        
 
   
 (3.20)  
where T is the applied torsion and i is a particular blade component. A and q refer to the 
enclosed area and shear flow, respectively. Using Eq. 3.20 and the fact that the twist angle of 
each cell must be identical, the shear stress problem can be defined in matrix form: 
 
 
 
 
 
 
        
        
        
     
              
 
 
 
 
 
 
 
 
 
  
  
  
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
                     
  
       
 (3.21)  
where P, G, A and t refer to the perimeter length, shear modulus, enclosed area and thickness 
of that blade component respectively. The shear stress is then found from: 
            (3.22)  
The Tsai-Hill failure criterion is then applied to determine the critical stress and location in 
each blade component. This procedure is repeated for each spanwise increment to produce a 
margin of safety distribution across the blade span. Each of the critical load cases can be 
investigated using this approach to determine the most severe stress locations and magnitudes 
in the composite blade. A typical stress analysis output for a given spanwise location is shown 
in Table 3-2. The X and Y coordinates of the critical stress, measured from the nose of the 
aerofoil, are given along with the associated axial and shear loads. The margin of safety is 
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also calculated, and any value above zero is deemed acceptable. Such an analysis requires 
determining the material property values and this is discussed later in Chapter 4 Section 4.4.1. 
Table 3-2 Example Mach scale composite blade stress survey output at 75 % span 
UNITS: X and Y - mm, Fn and Fs - MPa 
 
X Y Fn Fs MS 
Skin 38.3 5.5 18.1 2.4 4.08 
OTW 32.3 5.4 17.7 2.4 4.21 
Spar 31.8 5.2 241.8 0.2 4.18 
TE 79 0.6 179.1 0 5.99 
3.4 Dynamics Model 
The dynamics model analyses free and forced blade response. The free response analysis 
computes blade natural frequencies and mode shapes. The forced response analysis calculates 
the blade loads, which are then used in the stress analysis component of the structures model. 
The dynamics analysis approach is based on an extended Myklestad theory [74-76, 78-80], 
which represents the blade as a dynamically equivalent, lumped mass system. 
Myklestad theory relates the deformations and loads from one side of a blade element to the 
other side and then iterates these calculations over the span of the blade. By beginning at the 
blade tip and working towards the hub, a correct value of the blade natural frequency will 
become apparent when the boundary conditions are satisfied. For this work, the fuselage 
impedance is assumed to be infinite in order to isolate the rotor system from the fuselage. In 
the case of free vibration response, the natural frequency can then be used with unit tip 
deformations to solve for each of the blade mode shapes.  
The purpose of such a study is to ensure that the blade natural frequencies do not align with 
integer multiples of the blade RPM. In steady level forward flight the dynamic and 
aerodynamic loads on each blade are the same as applied on the previous revolution. It 
follows that, if one or more of the natural frequencies of the blade align with integer multiples 
of the blade RPM, significant and possibly catastrophic vibration may result if suitable 
damping is not present.  
The first step in the Myklestad approach is to explicitly define the discretisation. This is 
particularly critical for modelling accuracy, and especially when a small number of elements 
are used. During the model validation process, it was found that changing the discretisation 
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method had a profound effect on the natural frequencies. This effect was seen to be an order 
of magnitude greater than those resulting from including centre of gravity offsets (discussed 
later in Section 3.4.1.1) and became increasingly apparent as the number of elements reduced. 
The blade data used in the dynamics model is from the basic outputs of the structures model 
to which it is coupled. This data is associated with blade stations beginning at the mast and 
extending to the blade tip. The area between two stations is defined as a section. The mass of 
each section is based on an average density of the section endpoints and is located at the 
centre of the section. The stiffness parameters of the discretised sections correspond to the 
stiffness values at the inboard blade station. In this manner, the blade can be segmented such 
that it represents a dynamically equivalent system to the complete blade (Figure 3-11). 
 
Figure 3-11 Dynamics model discretisation process 
The boundary conditions are also an important consideration. For a teetering rotor system, 
three separate analyses are required for collective, cyclic and scissor modes, as described in 
Table 3-3. Under each of these separate loadings the control stiffness can vary. Such data can 
only be obtained via experiment through load deflection tests, and the values used for this 
work were obtained from Brogdon [61]. The GUI developed to address composite blade 
dynamics is shown in Figure 3-12. 
Table 3-3 Root boundary conditions 
Root Restraint Mode Flapwise Chordwise Torsion 
Collective Rigid Hinged Control Spring 
Cyclic Hinged Rigid Control Spring 
Scissor Rigid Rigid Control Spring 
Initial Blade 
Final Discretised Blade 
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Figure 3-12 Dynamics analysis GUI
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3.4.1 Free Response Analysis 
The Myklestad analysis approach can be used to predict the natural frequencies of a rotating 
composite blade with a minimum number of assumptions. Some of the complexities that are 
modelled in the free response analysis include: 
 non-uniform blade element spacing 
 non-uniform mass distribution 
 non-uniform flapwise, chordwise and torsional stiffness values 
 non-uniform twist distribution 
 centre of gravity offset from the pitch axis both vertically and horizontally 
 finite chordwise and torsional root stiffness 
 fully coupled flapwise, chordwise and torsional equations 
 collective, cyclic and scissor modes outputs. 
Assumptions that still remain in the free response analysis include: 
 no precone or undersling 
 shear centre is coincident with the pitch axis. 
By not imposing many limiting assumptions, the calculations become detailed. A brief 
overview is required, but the full formula development is presented in Appendix A. One of 
the first rotary wing applications of the Myklestad analysis technique is presented by 
Gerstenberger and Wood [76]. The Myklestad formula development presented in this MEng 
project is based on this original paper, but includes the centre of gravity offset development 
by Weller and Mineck [78]. However, a problem appears to exist with Gerstenberger and 
Wood‟s recursion formula relating to the formula for deflection due to a unit load. Bending 
theory states that a cantilever beam subject to a load P at the extremity will deflect vertically 
as per: 
 
  
  
    
 (3.23)  
as opposed to Gerstenberger and Wood‟s formulation: 
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 (3.24)  
Some authors include the correction such as Weller and Mineck [78] and Cuesta [80], unlike 
others such as Bennett [79]  and Ozturk [75]. Fortunately, the influence of this confusion is 
minimal. In copying the lengthy formula and modifying the sign conventions and axis 
systems, errors are sometimes introduced when authors implement the Myklestad approach 
and this is evident in subsequent published works, examples of which include refs. [75, 79, 
80].  
Two axis systems are used in the analysis, namely a local blade element axis (A,B,C) and a 
rotor hub reference axis (X,Y,Z) as shown in Figure 3-13. This figure shows a blade element 
(section) beginning at radial station n, and extending to station n+1. The Z axis is referred to 
as the pitch axis and the sign conventions used in developing the recursion formula are 
presented in Figure 3-14 through Figure 3-16. 
 
Figure 3-13 Undeformed global and local blade axis systems 
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Figure 3-14 Flapwise deformations and loads adapted from ref. [76] 
 
Figure 3-15 Chordwise deformations and loads adapted from ref. [76] 
 
Figure 3-16 Torsional deformations and loads adapted from ref. [78] 
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A system of equations can now be represented in matrix form to fully describe the 
deformations and loads between blade stations. Coefficient matrices [A] and [D] are 
introduced such that: 
                       (3.25)  
where [B] is a matrix of the boundary forces and deformations given by: 
 
   
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
  
 
  
  
 
  
 
  
 
  
  
  
  
 
 
 
 
 
 
 
 
 
 
                          
 
 
 
 
 
 
 
 
 
 
 
 
    
 
    
 
    
 
    
    
 
    
 
    
 
    
    
    
  
 
 
 
 
 
 
 
 
 
 
 
 (3.26)  
where subscripts F, E, and T represent flapwise, edgewise (chordwise), and torsional 
orientations respectively. Axial loads and displacements are not included in the free response 
analysis, but this is predicted to have a negligible effect. The matrices [A] and [D] are 
formulated such that Eq. 3.26 is satisfied. This procedure is quite detailed, and as such has 
been presented in Appendix A.  
Beginning at the blade tip, the first values inboard can be found according to: 
         
              
                
(3.27)  
In this manner, each blade section can be analysed with the values of the transfer matrix [G] 
being repeatedly updated as the code advances from the blade tip to the blade root. Once at 
the root, a transfer matrix between the hub and the tip is formed: 
                        (3.28)  
The boundary conditions are then applied and if the equation is satisfied, then a correct 
natural frequency was selected. Then, by using an inverse iteration method and normalising 
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the result by the largest element after each iteration, the relative tip deflections can be 
calculated [78]. These are used for each natural frequency to calculate the flapwise, chordwise 
and torsional mode shapes.  
The hub boundary conditions for the Kiowa OH-58A/C and Hiller UH-12E/L should include 
finite stiffness for the control system and chordwise restraint. According to Brogdon [61], the 
full-scale Kiowa has a collective mode control spring stiffness k value of 1.94x10
4
 Nm/rad 
(172x10
3
 in-lb/rad). The cyclic stiffness is 1.22x10
4
 Nm/rad (108x10
3
 in-lb/rad), and the in-
plane elasticity restraint (HSOFT), has a value of -22.48 /N (-100 /lb). These values are used 
to modify the root twist angle and chordwise displacement according to [79]: 
 
       
      
 
 
 
   
  
         
      
 
(3.29)  
where subscript PHOFF represents the pitch horn offset from the centre of rotation. For the 
Kiowa the pitch horn offset is approximately 130 mm from the mast. Including this offset was 
found to have little impact on the accuracy of the results and therefore, for simplicity, was not 
included in the model. While the torsional boundary condition is applicable to all modes, the 
HSOFT value is only used for the cyclic mode analysis, where the blade is assumed to be 
fixed chordwise. The implementation of these new boundary conditions is as follows: 
                     (3.30)  
where subscript FS represents the hub boundary conditions with finite stiffness and the matrix 
[E] is defined as: 
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Numerical Modelling and Analysis 
99 
3.4.1.1 Centre of Gravity Offset 
One of the complexities that has been included in the free response analysis is the offset of the 
blade centre of gravity from the pitch axis. Rotor blade centre of gravity location is critical in 
ensuring dynamic stability, and assuming it is constantly located along the pitch axis was 
initially considered a poor assumption. However, after its inclusion it was found to have only 
a small effect on the natural frequencies. However, by including the centre of gravity offset, 
the torsion modes become coupled and a separate torsional analysis is no longer required. 
Therefore, the influence of the centre of gravity offset can be seen in the mode shapes. 
Through its inclusion the model now accounts for: 
 chordwise forces due to the centripetal force acting through a centre of gravity 
horizontally offset from the pitch axis 
 chordwise moments due to the centripetal force acting through a centre of gravity 
horizontally offset from the pitch axis 
 out-of-plane moments due to the centripetal force acting through a centre of gravity 
vertically offset from the pitch axis. 
The sign convention used to locate the centre of gravity offset is shown in Figure 3-17. The 
report by Weller and Mineck [78] was the primary reference for developing the centre of 
gravity offset equations, and the implementation into the dynamics model is described in 
detail in Appendix A. 
 
Figure 3-17 Centre of gravity offset axis system 
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The dynamics model does not include the effects of shear centre offset because the structures 
model is yet to produce accurate shear centre data. However, the code structure is conducive 
to including the shear centre once it is available. Another feature lacking in the free response 
code is the effect of the blade precone and undersling. A validation study based on published 
data was therefore undertaken to assess the accuracy of the free response model.  
3.4.1.2 Validation of Free Response Model 
The free response model validation was performed against data for the Kiowa OH-58A/C 
metal and composite blades published by Brogdon [61]. However, Brogdon does not 
explicitly define the discretisation process that was used, and this introduces some uncertainty 
when comparing results. Results from the validation study are presented in Table 3-4 and 
Table 3-5. Figure 3-18 through Figure 3-21 present graphical comparisons between 
Brogdon‟s data and the predictions from the free response model. 
Table 3-4 Collective mode natural frequency validation 
 Production Blade Composite Blade 
Collective Mode 
Brogdon‟s 
Model 
Free Response 
Dynamic Model 
Brogdon‟s 
Model 
Free Response 
Dynamic Model 
1
st
 (Coning) 1.16 1.15 1.17 1.15 
2
nd
 (OP) 3.05 2.97 2.84 2.78 
3
rd
  (IP) 4.58 4.65 4.58 4.60 
4
th
 (Torsion) 5.96 5.91 4.97 4.96 
5
th
 (OP) 6.27 6.46 5.35 5.35 
Table 3-5 Cyclic mode natural frequency validation 
 Production Blade Composite Blade 
Cyclic Mode 
Brogdon‟s 
Model 
Free Response 
Dynamic Model 
Brogdon‟s 
Model 
Free Response 
Dynamic Model 
1
st
 (Flapping) 1.00 1.00 1.00 1.00 
2
nd
 (IP) 1.25 1.24 1.30 1.31 
3
rd
  (OP) 2.61 2.58 2.61 2.56 
4
th
 (OP) 5.07 5.15 4.01 4.02 
5
th
 (Torsion) 5.39 5.33 4.83 4.78 
6
th
 (OP) 6.54 6.65 5.93 5.93 
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Figure 3-18 Collective mode validation – baseline metal Kiowa OH-58A/C blade 
 
Figure 3-19 Collective mode validation – composite Kiowa OH-58A/C blade 
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Figure 3-20 Cyclic mode validation – baseline metal Kiowa OH-58A/C blade 
 
Figure 3-21 Cyclic mode validation – composite Kiowa OH-58A/C blade 
The comparative analysis presented in Table 3-4, Table 3-5 and Figure 3-18 through Figure 
3-21 reveals that the free response model matched the dynamics model used by Brogdon [61]. 
The software used by Brogdon was developed for Bell Helicopter, and as of the late 1970s, 
was deemed suitable for addressing the free response of composite blades. For the purposes of 
this research work, the accuracy of the free response model is considered sufficient. 
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3.4.2 Forced Response Analysis 
A forced response analysis is required to determine blade loads for use in the stress analysis. 
The forced response analysis is divided into hover and forward flight cases. For hover, the 
aerodynamic forces applied to the rotor are independent of blade azimuth and can be 
completely defined by the steady component of a Fourier series decomposition. In forward 
flight the lift and drag loads vary with azimuth and an infinite Fourier series decomposition is 
required to fully define the load profiles. For the purposes of this work, it is assumed that in 
forward flight the helicopter is in a steady-state flight condition, such that the blade load 
profile has a period of the rotor RPM. The Myklestad forced response matrix formulation is 
expressed as: 
                            (3.32)  
where [F] is a matrix of forces defined by the Fourier series decomposition. The Fourier 
series is inherently constructed from steady-state and harmonic components and this is 
conducive to the Myklestad matrix formulation. In analysing the forced response of the blade, 
the natural frequency is set at some multiple of the blade RPM, depending on the harmonic 
component required. The matrix formulation is then solved as per the procedures for the free 
response, except that the natural frequency is known and therefore once the transfer matrix is 
found, the blade loadings and deformations can be determined. In the case of forward flight, 
these loads and deformations will be a function of the azimuth angle. 
The dynamics model allows the forced response to be computed in a number of ways. In the 
case of hover, triangular loads of lift and drag can be assumed such that the loading condition 
is satisfied, or loads can be imported from the aerodynamics hover analysis. The lift load 
profile imported from the aerodynamics analysis is increased in magnitude by the g load 
factor, and an additional torque factor is applied to the drag load profile. In the case of 
forward flight, triangular loads can be assumed which vary around the azimuth, to address a 
typical lift profile such as that presented by Hiatt [74]. Alternatively, a lift and drag profile 
can be imported from the forward flight aerodynamics model. 
With the centre of gravity offset included in the code, a validation analysis was performed to 
produce spanwise bending moment plots for various hover loading conditions. The validation 
was again based on data from Brogdon [61]. However, it was discovered that the zero precone 
assumption had to be removed in order to achieve representative results. 
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3.4.2.1 Precone 
Neglecting precone from the dynamics analysis gives unrealistically high spanwise bending 
moments for positive g loads and vice-versa for negative g loads. Precone incorporation into 
the Myklestad equations was not found during the literature review as it is commonly 
assumed to be zero. However, by considering spanwise moment data generated by Brogdon 
[61], it is highly likely that precone was included, because the negative bending moments are 
greater than the positive moments, despite the load conditions being -0.5 g and 2.34 g 
respectively. 
Initially, precone was considered by simply altering the root boundary conditions such that at 
the hub the flapwise slope was equal to the precone angle. This immediately improved the 
results, but further analysis showed that incorporating precone required consideration of other 
effects as shown in Figure 3-22. 
 
 
Figure 3-22 Flapwise blade deformation with precone 
The precone will significantly influence the flapwise moment since the centripetal load is 
acting further from the plane of revolution. To demonstrate the influence, consider an 
untwisted blade generating zero lift (i.e. no inclusion of shear loads). The formula 
development for flapwise moment between two stations becomes: 
   
      
                             (3.33)  
which simplifies to: 
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                                    (3.34)  
In the dynamics model, the effects of blade lift and twist are incorporated as per the normal 
recursion formula development, as described in Appendix A. However, it should be noted that 
the formula construction uses the undeformed blade with precone as the reference (A,B,C) 
axis. Therefore, the deflection results must be added to the precone angle and deflection, to 
determine the global loads and displacements. As a result, the flapwise slope boundary 
condition at the root must be set to zero.  
As well as the flapwise moment being affected, the torsion formula will also be influenced. 
This is because incorporating centre of gravity offsets results in chordwise centripetal forces, 
which generate torsion loads when the blade deforms vertically. The torsion formula for an 
untwisted blade generating no lift becomes: 
   
      
                             (3.35)  
where FH is the horizontal centripetal force component originating from the centre of gravity 
offset. This formula simplifies to: 
   
      
                                    (3.36)  
The incorporation of these additional effects requires the use of the force matrix, because the 
additional terms are not functions of any of the force or displacement relations. Therefore, the 
force matrix becomes: 
 
     
 
 
 
 
 
 
 
 
 
 
 
      
                   
 
 
      
 
 
 
 
                   
 
 
 
 
 
 
 
 
 
 
 (3.37)  
where Fn and Dn are the real parts of the force discretisation, and jfn and jdn are the imaginary 
parts.  
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3.4.2.2 Additional Forces 
As described by Weller and Mineck [78], due to the centre of gravity offset from the pitch 
change axis, there exists steady forces and moments that are independent of blade 
deformation (Figure 3-23). It is important to include these for a complete representation of the 
blade loading, and is done through the force matrix: 
 
     
 
 
 
 
 
 
 
 
 
 
 
      
                   
 
 
      
 
 
 
 
                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
         
 
 
        
           
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 (3.38)  
 
 
Figure 3-23 Moments and forces independent of blade deformation adapted from ref. [78] 
3.4.2.3 Validation of the Forced Response Model 
Brogdon [61] provides chordwise, flapwise and torsional moment data for the Kiowa OH-
58A/C composite rotor blade. The data shows that a fully coupled forced response analysis 
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was not used in deriving the distributions. By way of example, Brogdon assumed no 
difference between the power-on and the power-off conditions for the flapwise bending 
moment profile. This can be seen in Figure 3-25 by the fact that the 1
st
 and 2
nd
 loading 
conditions are identical and so too are the 3
rd
 and 4
th
 loading conditions. The different loading 
conditions that Brogdon defined are based on combinations of RPM, vertical g load, and a 
power-on or power-off engine state. These results indicate that an uncoupled dynamics 
analysis was performed. 
In an attempt to replicate Brogdon‟s distribution, the dynamics model was used with an 
uncoupled forced response analysis. A flapwise moment plot was generated
4
 (Figure 3-24) 
using the design data for Brogdon‟s composite Kiowa blade, and there is a general profile 
agreement with Brogdon‟s results (Figure 3-25). The root bending moment values, which are 
of particular importance for the blade lug design, show good correlation. Based on this limited 
validation, the flapwise moment output of the dynamics model was deemed to be acceptable. 
Concerning the chordwise moment distribution, Brogdon [61] calculated the blade root chord 
moment using: 
 
       
 
 
    (3.39)  
where MT is mast torque, Mc0 is the root chord moment of each blade, and K is an empirical 
factor. For the power-on and power-off cases Brogdon set K to 1 and -1.5, respectively. To 
make Eq. 3.39 the same as used by the U.S. Army [57], the equation can be rewritten as: 
 
    
  
 
                     
 
    
  
 
                         
 
(3.40)  
where K is now 2 for the power-on and power-off conditions. The U.S. Army [57] suggests 
that for small helicopters K should be 3. To achieve comparable results with Brogdon‟s 
chordwise moment distribution, power-on and power-off K values of 2 and 3 were used 
respectively. The output of the uncoupled dynamics model is shown in Figure 3-26 and can be 
compared to Brogdon‟s results, which are presented in Figure 3-27. 
                                                 
4
 The graphs are presented for direct comparison with Brogdon‟s data and are therefore given in imperial units. 
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Figure 3-24 Uncoupled flapwise bending moment distribution – forced response calculated 
using Brogdon’s design data for the Kiowa composite blade [61] 
 
Figure 3-25 Flapwise bending moment distribution for the Kiowa composite blade [61] 
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Figure 3-26 Chordwise bending moment distribution - forced response calculated using 
Brogdon’s design data for the Kiowa composite blade [61] 
 
Figure 3-27 Chordwise bending moment distribution [61] 
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While the overall profiles are in agreement, there is still a discrepancy between results, 
particularly at the blade root end for the power-off condition 2 and 4. The source of this error 
is unknown, but to compensate for the purposes of this study, a safety factor will be applied to 
the mast torque, in order to artificially increase the chordwise moment distributions. 
The torsional outputs could not be validated due to the limited data presented by Brogdon 
[61]. Brogdon suggests offsetting the lift load from the pitch change axis, such that a torsional 
moment is generated that is equal in magnitude to the pitch link limit load times its offset (976 
Nm). For this MEng project, it will be assumed that the torsion load can be represented by the 
cumulative effects of coupling of the blade degrees of freedom, a 4% chord offset of the lift 
load from the pitch change axis, and the torsion moment caused by the centre of gravity offset 
from the pitch change axis. The 4% chord offset assumption is rather arbitrary but, after flight 
testing and analysis of pitch link loads (discussed later in Chapter 6), has proven to be a 
conservative value.  
While there were considerable challenges in validating the forced response model, this can be 
partially attributed to the coarse discretisation that Brogdon used, with only 24 elements 
across the blade span. Further, the results are highly sensitive to the discretisation method, and 
since Brogdon did not explicitly define this, important assumptions had to be made which 
potentially introduced error. When analysing the composite blades for this research work, a 
minimum of 150 elements will be used across the blade span, and this will help reduce the 
sensitivity to the discretisation method. 
The results of the dynamics model are also highly sensitive to root hub stiffness and pitch link 
stiffness, which are unknown values for the Mach scale blade analysis. Therefore, scaled hub 
and pitch link data from the full-scale Kiowa will be used. This introduces a level of 
uncertainty to the Mach scale blade dynamics analysis and will be accounted for by each 
blade having a weight pocket at the root and tip, to provide a means of altering the dynamic 
performance of the blades. 
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3.5 Conclusions 
This chapter has presented the numerical modelling and analysis tools that were developed by 
the author to facilitate composite blade design. The tools consist of coupled aerodynamics, 
structures and dynamics models implemented in MATLAB. The aerodynamics model 
addresses both hover and forward flight conditions using a modified BEMT approach. The 
structures model computes blade cross-sectional parameters and provides a complete stress 
analysis using the Tsai-Hill failure criterion. Finally, the dynamics model addresses both free 
and forced blade response in order to assess the dynamic stability of the blades, and also to 
reveal the blade loads under critical loading conditions. In the next chapter, these models will 
be utilised for designing the baseline and improved Mach scale composite blades. 
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CHAPTER 4 
MACH SCALE COMPOSITE BLADE DESIGN 
Abstract 
This chapter covers the aerodynamic, structural and dynamic design of the baseline and 
improved Mach scale composite blades. Specific focus was given to the blade root design and 
lead-lag restraint system, which is central to a multi-platform teetering rotor blade. 
The improved blade was aerodynamically designed for a hover performance improvement, 
through the efficient use of twist, taper and advanced aerofoils. The aerodynamics hover 
model estimates that the improved scale blade will give a 6.1% power reduction for the 
Kiowa OH-58A/C and 11.4% for the Hiller UH-12L, OGE at the design point of 4000 ft and 
35°C. A forward flight study was also performed, and revealed that while the Velocity Never 
Exceed limit is achievable, the stall margins are reduced and vibration may increase.  
The structures numerical model was used to calculate the blade mass and stiffness 
distributions, while ensuring the target autorotation index was achieved. The Mach scale 
critical loading conditions were then specified based on full-scale blade design load cases. 
These were used with the mass and stiffness distributions by the forced response dynamics 
model to compute design loads. These loads were applied for blade root lug design and with 
all structural components defined, the structures model was used to perform a stress analysis. 
The results indicate positive margins of safety under all loading conditions and at all locations 
across the baseline and improved blades. 
The free response dynamics model was used to investigate the blade natural frequencies and 
their proximity to integer multiples of blade RPM. The results indicate that the baseline and 
improved blades should be free of potentially hazardous harmonic conditions. Some 
exceptions do exist for the higher torsion modes, although these are predicted to have a 
negligible influence on the experimental investigations. 
Finally, a unique lead-lag restraint system was developed, whereby a second outboard pin 
hole interfaces with an internal fork (Kiowa OH-58A/C) or boomerang (Hiller UH-12E/L), to 
rigidly react chordwise loadings. Both systems were successfully designed, fabricated and 
tested under representative loadings. The results indicate that the unique lead-lag restraint 
system is suitable for the purposes of this research work. 
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4.1 Design Aim and Methodology 
The objective of this research chapter is to design a baseline and an improved Mach scale 
composite rotor blade, suitable for manufacture and experimental testing. The blade design 
will consist of an aerodynamic, structural and dynamic analysis, as well as a detailed 
investigation into the blade root interface and lead-lag restraint. While the baseline rotor will 
be scaled from the Kiowa OH-58A/C, the improved blade will be designed for the Hiller UH-
12E/L and Kiowa aircraft types, to assess the feasibility of a multi-platform design.  
Three primary objectives that will be applied to the design include a blade that performs well 
aerodynamically, is free from dynamic resonant conditions, and has high margins of structural 
safety. The design process is therefore multi-disciplinary and inherently iterative. First, a 
hover analysis will be performed to determine the blade geometry and air-load distributions. 
Based on the blade geometry, a preliminary structures analysis will be undertaken to calculate 
the blade stiffness, mass distribution and inertia values. Both sets of data will then be used in 
the dynamics analysis to determine the blade natural frequencies and complete blade loading 
conditions. The critical loading conditions will then be incorporated into the final structural 
analysis to calculate the margins of safety along the blade span. An overview of this iterative 
process is shown in Figure 4-1. 
Before this design process can begin, blade design data must be defined. For this study, many 
of the design parameters are derived from the target aircraft, and therefore a brief discussion 
on these helicopters is presented, along with the scaling parameters to be used for the blade 
design.   
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Figure 4-1 Blade design methodology with interdependencies represented by numerically 
labelled analysis outputs 
4.2 Design Data for Reference Blades 
The reference blades considered within this project are the Kiowa OH-58C and Hiller UH-
12L blades. To clarify the exact blade versions, the Kiowa blade part number is 206-011-250 
(current dash number is 119) and the Hiller blade is 53100-01. Where reference is made to the 
Hiller UH-12E, the blade part number is 53200-03. The rotorcraft that operate these blades 
are shown in Figure 1-5 and Figure 1-6. A summary of the characteristics of the target aircraft 
is presented in Table 4-1. 
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1. Blade Geometry 
2. Air-load Distribution 
  
Basic Structures Analysis 
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Dynamics Analysis 
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Table 4-1 Target aircraft data 
Parameter Hiller UH-12L Kiowa OH-58A/C 
MTOW (kg) 1406 / 1588
5 
1451
6 
Span (mm) 5380 5385 
Blade Span (mm) 4894 4915 
Chord (mm) 355.0 330.2 
Solidity 0.04213 0.03904 
Disc Loading (N/m
2
) 171.28 156.31 
Aerofoil 
Proprietary design 
(Figure 4-5) 
Proprietary Bell droop snout 
(Figure 4-3) 
Twist (deg) 9.0 10.6 
Normal RPM 370 354 
Design RPM Max/Min NA 411/304 
Tip Speed (m/s) 208.46 199.63 
Precone (deg) 2.50 2.25 
VNE at Sea Level ISA (knots) 92 120 
Autorotation Index NA 40.9 
Blade Mass (kg) 44.5 43.0 
Chordwise Restraint Drag strut Integral (latch bolt) 
 
While the Hiller and Kiowa blades have a similar span, there are considerable challenges to 
be overcome when designing a multi-platform blade. Firstly, to avoid additional certification 
requirements, the baseline RPM of each rotorcraft will need to be maintained. Since the 
operational RPMs are different, it must be shown that the improved blade will be dynamically 
stable over a broader RPM range. If this is not possible, then alternate weight configurations 
may be necessary for each blade.  
Another issue is the differing hub geometries, of which the critical dimensions are the Hiller 
grip thickness and the Kiowa blade bolt diameter. Therefore, a different bushing and wear 
plate arrangement will be required for each blade, such that the different grip dimensions can 
be accommodated. Another challenge is that detailed information on the Hiller UH-12E/L 
blade, such as blade stiffness, inertia, natural frequencies, and chordwise and spanwise mass 
balance, is not available to the author. However, it is logical to assume that if the composite 
blade demonstrates broad structural and dynamic stability margins on one aircraft, it will also 
be stable on the other. This is because both target aircraft operate at similar gross weights, 
                                                 
5
 This MTOW condition is only certified for external cargo hook loads - critical condition. 
6
 This MTOW is only applicable to the OH-58C aircraft – critical condition. 
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both utilise a teetering rotor hub, and both have similar blade spans. Detailed information is 
available on the Kiowa OH-58A/C metal blade, and therefore significant reliance will be 
placed on this data in designing and justifying the improved composite blade. 
To ensure that the Mach scale blade experimental results will be representative of the full-
scale blade performance, a number of design drivers will be implemented. These include: 
 maintaining the baseline main rotor RPM of each rotorcraft 
 maintaining the VNE of each rotorcraft 
 maintaining the autorotation index of each rotorcraft 
 interfacing to the existing hubs. 
The fourth design driver requires detailed information on the Hiller and Kiowa hub types. 
4.2.1 Kiowa OH-58A/C Hub 
The Kiowa rotor system is characterised by a number of major components, including: the 
mast, trunnion, yoke, grips, latch bolts and blade bolts. Figure 4-2 denotes these components 
on the Bell JetRanger hub (also shown in Figure 2-16), which is essentially the same as the 
Kiowa hub. The blade bolt is located in the outer region of the grips, and is the primary 
restraint mechanism for the blades. Inboard of the blade bolts are the latch bolts, which 
restrain the chordwise motion of the blades.  
 
Figure 4-2 Characteristic features of the Bell 206 JetRanger hub 
Trunnion 
Grip 
Yoke 
Mast 
Latch Bolt 
Blade Bolt 
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The Kiowa OH-58A/C blade aerofoil is a proprietary Bell Helicopter droop snout design 
(Figure 4-3). However, Brogdon [61], Hoffrichter [62], and Harderson and Blackburn [12] 
assume the profile can be represented by a NACA 0012 aerofoil for performance calculations, 
and this assumption will also be used throughout this research work. 
 
Figure 4-3 Bell Helicopter proprietary droop snout aerofoil (Bell 206 JetRanger) 
The important dimensions of the Kiowa hub were measured and are summarised in Table 4-2. 
Table 4-2 Kiowa OH-58A/C critical hub dimensions 
Parameter Dimension (mm) 
Blade Bolt Diameter 38.6 
Centre of Mast to Centre of Blade Bolt 469.9 
Chordwise Location of Blade Bolt from Feather Axis             12.5 (forward) 
Required Blade Thickness at Grip 83.8 
Centre of Mast to Beginning of Latch Bolt 304.8 
Latch Bolt Width 96.5 
4.2.2 Hiller UH-12E and UH-12L Hub 
The primary purpose of this MEng project is to design a blade that interfaces to the Kiowa 
and UH-12L hubs (Figure 2-18), but where possible considerations will also be made for the 
UH-12E hub (Figure 4-4). The primary difference between the Hiller and Kiowa hubs is the 
lead-lag restraint method. The Hiller uses a drag strut to react the chordwise blade loading, 
whereas the Kiowa uses an integral latch bolt restraint.  
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Figure 4-4 Hiller UH-12E hub 
The aerofoil shown in Figure 4-5 is based on the wide chord blade used on the UH-12L and 
was digitised into coordinates suitable for an XFoil 2-D flow analysis (Figure 4-6). The 
important dimensions of the Hiller UH-12L and UH-12E hub were measured and are 
summarised in Table 4-3. 
 
Figure 4-5 Hiller UH-12L aerofoil – P/N 53100-01 
 
Figure 4-6 Digitised Hiller UH-12L aerofoil 
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Table 4-3 Hiller UH-12E and UH-12L critical hub dimensions 
Parameter Dimension UH-12L (mm) Dimension UH-12E (mm) 
Blade Bolt Diameter 29.3 25.4 
Centre of Mast to Centre of Blade Bolt 486 635 
Chordwise Location of Blade Bolt 
from Feather Axis 
19.5 (forward) NA 
Required Blade Thickness at Grip 73.9 75.0 
Centre of Blade Bolt to Centre of Drag 
Strut Bolt – Spanwise 
30 NA 
Centre of Blade Bolt to Centre of Drag 
Strut Bolt – Shortest Distance 
255 NA 
4.2.3 Mach Scaling 
With the target aircraft data defined, the scaling ratio must be determined. Mach scaling 
specifically refers to the case where the blades are geometrically scaled and spun, such that 
the tip Mach number is the same as the full-scale blade. This type of scaling is appropriate 
when aerodynamic performance similarity is the primary objective, since it replicates 
compressibility and limits the degradation in Reynolds number. 
In many cases Mach scale blades are made rigid, or substantially stiffer than a structurally 
scaled blade, to isolate aerodynamic effects from dynamic influences. In doing this, the blades 
are structurally different from the full-scale blades. However, for this study, the scale blades 
will be aerodynamically, structurally and dynamically scaled. This introduces additional 
complexity, but is deemed necessary for a holistic understanding of blade design and 
manufacture. It will also give representative coning and elastic twisting, which is important 
for performance similarity with the full-scale blades. 
The first parameter to determine is the scaling ratio. Potential scaling values for both the 
Hiller and Kiowa blade are presented in Table 4-4 and Table 4-5. The Reynolds numbers are 
based on scaled rectangular blades, but the improved blade is likely to incorporate taper and 
therefore the tip chord will be reduced significantly. Based on typical taper ratios, the 
Reynolds numbers given should be multiplied by 0.6 to give a representative improved blade 
tip Reynolds number. 
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Table 4-4 Hiller UH-12E/L blade scaling 
Scale Span (mm) Chord (mm) Tip Speed (m/s) RPM 
Tip Reynolds 
Number (x10
6
) 
1:2 2690 177.5 208.5 740 2.53 
1:2.5 2152 142.0 208.5 925 2.03 
1:3 1793 118.3 208.5 1110 1.69 
1:3.5 1537 101.4 208.5 1295 1.45 
1:4 1345 88.8 208.5 1480 1.27 
1:4.5 1196 78.9 208.5 1665 1.13 
 
Table 4-5 Kiowa OH-58A/C blade scaling 
Scale Span (mm) Chord (mm) Tip Speed (m/s) RPM 
Tip Reynolds 
Number (x10
6
) 
1:2 2693 165.1 199.6 708 2.26 
1:2.5 2154 132.1 199.6 885 1.81 
1:3 1795 110.1 199.6 1062 1.50 
1:3.5 1539 94.3 199.6 1239 1.29 
1:4 1346 82.6 199.6 1416 1.13 
1:4.5 1197 73.4 199.6 1593 1.00 
In forward flight, the Reynolds number for the retreating blade tip is also important. If a 
restriction is placed such that the retreating blade tip Reynolds number cannot be below 1x10
6
 
then a maximum forward flight speed can be calculated for each scaling ratio (Table 4-6). 
This Reynolds number restriction should ensure the boundary layer is tripped, thereby 
improving aerodynamic similarity to the full-scale blades. 
Table 4-6 Maximum flight speed for a tip Reynolds number of 1x10
6
 
Scale 
Hiller UH-12EL 
(knots) 
Kiowa OH-58A/C 
(knots) 
1:2 245 216 
1:2.5 205 173 
1:3 165 130 
1:3.5 125 87 
1:4 85 44 
1:4.5 45 1 
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A scaling ratio between 1:3 and 1:3.5 will allow for simulating the full VNE of each rotorcraft 
(Hiller 92 knots and Kiowa 120 knots). Scale ratios larger than 1:3 are also suitable, but the 
power requirements to drive these blades may prove limiting. Concerning the required input 
power, the MTOW hover case presents a suitable scenario for calculating the required power. 
Using the aerodynamics hover model, power requirements for different scaling ratios with the 
same collective pitch input were calculated (Table 4-7). Also included in Table 4-7 is the 
required power derived from the Kiowa transmission take-off limit (236 kW) using Mach 
scaling rules. For the purposes of this analysis, the modelled blade is operated at sea level ISA 
and features: 
 a rectangular planform based on the Hiller blade 
 constant NACA 0012 aerofoil sections 
 linear twist of 10 degrees 
 16 degrees of collective pitch 
 a root cut-out of 22%. 
Table 4-7 Mach scale blade power requirements 
Scale 
Span 
(mm) 
Chord 
(mm) 
RPM Thrust (kg) 
Required 
Power (kW) 
Required Power from 
Scaling Rules (kW) 
1:2 2682 177.5 740 487 63 59 
1:2.5 2146 142.0 925 310 40 38 
1:3 1788 118.3 1110 215 28 26 
1:3.5 1533 101.4 1295 158 21 19 
1:4 1341 88.8 1480 121 16 15 
1:4.5 1192 78.9 1665 95 13 12 
Finally, while blades can be theoretically scaled to any size, composite material thickness 
cannot and this can impose restrictions when very short blades are produced. For example, in 
a full-scale blade, the laminate skins may be produced from only two or three plies. Once 
scaled, the required laminate thickness may be thinner than one ply. A larger rotor has 
therefore a greater ability to accurately replicate the stiffness of the full-scale blade. 
Mach Scale Composite Blade Design 
122 
In light of these considerations, a scaling ratio of 1:3.5 was selected. While this ratio will 
prevent the full VNE of the baseline blade being simulated with a Reynolds number over 
1x10
6
, the size and power requirements are prohibitive factors in further increasing the span. 
By applying the 1:3.5 scaling ratio to the target aircraft blades, Mach scale blade geometry 
and performance data can be calculated (Table 4-8).  
Table 4-8 Blade scaling summary 
Parameter Value 
Blade Scale 1:3.5 
Blade Span (mm) 1398 
Span with Kiowa hub/Hiller „L‟ hub (mm) 1533 / 1537 
Approximate Chord (mm) 95 
RPM Kiowa/Hiller (normal) 1239 / 1295 
Autorotation Index 11.69 
Approximate Mass (kg) 1 
Approximate Thrust (kg) 120-130 
Approximate Power Required (kW) 22 
4.3 Aerodynamic Design 
The first phase of rotor blade design is an aerodynamics analysis, which will provide the basic 
geometry within which structural elements can be designed. The aerodynamics study will 
consider both hover and forward flight conditions, and will conclude with an aerodynamic 
profile for the baseline and improved rotor blades. 
4.3.1 Hover 
The two baseline aircraft being considered in this research work have low VNE limits. These 
aircraft are often used in an agricultural capacity, in which hover performance is the critical 
element as opposed to forward flight speed. In hover, the optimum aerodynamic profile for a 
helicopter rotor blade is a hyperbolically tapered and hyperbolically twisted profile [6]. This 
configuration minimises both profile and induced drag, giving performance that approaches 
the theoretically ideal. However, this profile is not suited to forward flight and is difficult to 
manufacture, and therefore design deviation from the theoretically optimum rotor is required.  
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4.3.1.1 Baseline Rotor 
Many of the aerodynamic design parameters of the baseline blade will be fixed from the 
features of the full-scale blades. Ideally, separate Kiowa OH-58A/C and Hiller UH-12L 
baseline blade sets should be constructed, because of differences in chord length and blade 
twist. However, for the purposes of this work, only the Kiowa OH-58A/C baseline scale blade 
will be constructed. This is based on the assumption that the baseline Kiowa blade will 
perform better than the Hiller blade.  
This assumption was justified because the Hiller blade features a larger chord and a smaller 
twist to achieve approximately the same MTOW. A larger blade chord results in higher 
profile and induced power, as well as giving a lower figure of merit. The only advantage with 
a larger chord is that a lower angle of attack is required for a given thrust, and therefore the 
blade operates further from the stall limits. Also, lower twist profiles result in a bound 
circulation distribution with greater non-uniformity, and therefore higher induced power. It 
follows that it is conservative to design the baseline composite blade from the Kiowa OH-
58A/C since it should perform better than the corresponding scaled Hiller blade. 
The characteristics of the scale composite baseline rotor are presented in Table 4-9. As 
suggested by Hoffrichter [62] and Brogdon [61], the droop snout aerofoil will be analysed as 
a standard NACA 0012 profile.  
Table 4-9 Aerodynamic characteristics of the Kiowa OH-58A/C baseline scale blade 
Span (%) Station (mm) Chord (mm) Twist (deg) Aerofoil Type 
0 0 50 0 - 
22 338 94 8.3 droop snout 
100 1539 94 0 droop snout 
The baseline composite blades will be constructed in the same manner as the improved 
composite rotor. This means that the root twist cannot be directly replicated from the Kiowa 
OH-58A/C, since the blade must enter the grips (approximately 9% span) with zero twist. The 
twist of the scale rotor will be transitioned such that it will match the full-scale blade at the 
22% span location (Figure 4-7). The influence of this discrepancy is predicted to be small, 
since the dynamic pressure in this root region is low. 
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Figure 4-7 Kiowa OH-58A/C blade and baseline Mach scale composite blade twist profiles 
4.3.1.2 Improved Rotor 
One of the main research objectives of this MEng project was to design an improved 
composite blade that would result in 5% less power required to hover OGE at 4000 ft and 
35°C. Passive aerodynamic design variables that can assist in achieving this performance gain 
are blade planform, aerofoil selection and blade twist. These parameters are first optimised for 
the hover condition, and are then assessed in a forward flight investigation to ensure the VNE 
of the target aircraft can be maintained. 
The use of taper was investigated using the aerodynamics model, described in Section 3.2. 
The taper ratio and taper initiation point were varied iteratively, ensuring geometrical solidity 
was maintained. This did result in reduced thrust-weighted solidity and therefore artificially 
inflated the Figure of Merit. However, provided there is a suitable stall margin, and 
autorotative performance is maintained, reduced thrust-weighted solidity is favourable.  
As discussed by Bingham [60], moving the taper initiation point inboard of 50% radius has 
little further influence on blade performance. After many simulations, a taper initiation at 50% 
span was selected along with a 1.8:1 taper ratio, giving a tip chord of 60 mm. Further 
increasing the taper ratio showed performance advantages, but the smaller tip chord would 
become problematic for manufacturing and would further reduce the tip Reynolds number. 
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Blade twist was varied and analysed, showing that higher blade twist is favourable for hover 
performance. However, higher blade twist often results in higher vibration in forward flight, 
and larger pitching moments. Further, because the twist has to be reduced to zero at the blade 
grip, higher twist means a more acute twist transition into the grip, which could give high 
stress concentrations in this region. Hyperbolic twist was investigated, but showed only a 
marginal power requirement reduction in the order of 0.1% over the baseline blade. To 
maintain mould simplicity, linear twist was selected and set to 13 degrees. Similar to the 
baseline blade, this twist will be washed off to zero at the blade grip as shown in Figure 4-8. 
 
Figure 4-8 Baseline and improved Mach scale composite blade twist profiles 
The aerofoil distribution across the blade span was the result of an investigation into optimum 
aerofoil profiles for the 30%, 50%, 75% and 90% span locations. Aerofoils from the Boeing 
Vertol series, ONERA series and NASA Langley RC series were considered. The interface 
between MATLAB, XFoil and Perl (Section 3.2.1), was utilised to investigate the 
performance of these aerofoils at the blade stations of interest. Based on these results, the 
Boeing Vertol series aerofoils were selected for further analysis. 
Perhaps the most useful aerofoil performance indicator is a plot as shown in Figure 4-9, which 
was computed by the MATLAB interface with XFoil. The vertical axis represents a lift-to-
drag efficiency ratio, where the lift coefficient is raised to the power of 3/2. As discussed by 
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Leishman [6], maximising this ratio will give a maximised power loading, which is the 
ultimate goal of rotor design for the hover condition. Figure 4-9 shows aerofoil performance 
at the 75% span location in hover at the design point (4000 ft and 35°C), and the results 
predict that the VR-13 aerofoil is the most efficient aerofoil profile. Simulations indicate that, 
at this blade station, the lift coefficient required for hover is approximately 0.8. The VR-13 
performs equally well as the VR-14 at this lift coefficient, but the VR-14 performance drops 
off considerably at higher lift coefficients. In forward flight, such lift requirements will be 
demanded on the retreating side, and therefore the VR-13 aerofoil is the best choice. 
 
Figure 4-9 Aerofoil performance comparison at 75% radial station 
Another consideration is the pitching moment characteristics of the aerofoil. According to 
Prouty [59], standard helicopter blade design practice is to ensure the pitching moment 
coefficient about the quarter-chord remains between ±0.02. Positive pitching moments are 
nose-up, and can cause pitch-flap instability. Cambered aerofoils typically have problems 
with nose-down pitching moments, which is often addressed by adding trailing edge reflex, as 
is the case of the Boeing Vertol aerofoils. Figure 4-10 shows the pitching moment coefficients 
for the aerofoils of interest. All Boeing Vertol aerofoils show low pitching moments 
throughout the useful lift coefficient range for the 75% radial station. Therefore, based on 
Figure 4-9 and Figure 4-10, the VR-13 aerofoil was selected for the 75% blade station. 
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Figure 4-10 Pitching moment coefficient comparison at the 75% radial station 
This analysis procedure was repeated for the 30%, 50% and 90% radial stations to fully define 
the aerofoil distribution across the blade span. In cases where the aerofoil changed from one 
station to the next, linear interpolation was used to optimise the aerodynamic profile over the 
section. For example, the VR-13 aerofoil at the 75% station is linearly interpolated to a VR-14 
profile at 90 % span. A summary of the resultant improved composite blade aerodynamic 
design is presented in Table 4-10. 
Table 4-10 Aerodynamic characteristics of the improved Mach scale composite blade 
Span (%) Chord (mm) Twist (deg) Aerofoil Type 
0 50 0 - 
22 110 10.1 VR12 
30 110 9.1 VR12 
50 110 6.5 VR13 
75 85 3.3 VR13 
90 70 1.3 VR14 
100 60 0 VR14 
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One factor that was not considered in arriving at the improved blade profile was that of 
increased vertical drag due to the blade loading being moved inboard. The effect of the taper 
and increased twist is to unload the blade tip and move the main area of the lift distribution 
inboard. The induced velocity through the rotor near the fuselage will increase and therefore 
so too the net vertical drag. However, according to Berry [93] less than 1% thrust is lost due 
to this effect, and therefore its influence was ignored.  
4.3.1.3 Performance Comparison 
The aerodynamics model (described in Section 3.2) was used to compare the aerodynamic 
performance of the baseline and improved rotors. The following conditions and assumptions 
were used for the analysis: 
 The operating point was 4000 ft and 35°C giving a density of 0.989 kg/m3. 
 The collective pitch was altered to achieve MTOW with 4% vertical drag. 
 A NACA 0012 aerofoil was used to represent the Kiowa OH-58A/C aerofoil. 
 75 elements were used for the blade discretisation. 
Since the Hiller UH-12E/L and Kiowa OH-58A/C have different MTOWs, RPMs and slightly 
different rotor spans, the performance of the improved rotor blade must be considered when 
installed on each aircraft. A summary of the results is presented in Table 4-11. The results 
show the improved scale composite blade requiring 6.1% and 11.4% less power to hover 
OGE at 4000 ft and 35°C for the Kiowa OH-58A/C and Hiller UH-12L, respectively. 
Approximately 75% of this improvement is from a reduction in profile power, and 25% from 
induced power. The profile power reduction is predominantly from the reduced chord in the 
outer blade portions and the improved aerofoil sections with lower profile drag. The increased 
blade twist and outboard taper also help to flatten the induced velocity profile and therefore 
minimise induced losses. The aerodynamic profiles of the baseline and improved blades are 
shown in Figure 4-11 and Figure 4-12 respectively.  
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Table 4-11 Baseline and improved rotor parameter and performance comparison 
Output Parameter 
Kiowa Scaled 
Blade 
Improved Blade 
on the Kiowa 
Hiller Scaled 
Blade 
Improved Blade 
on the Hiller 
GENERAL OUTPUTS  
MTOW (kg) 120 120 130 130 
Normal RPM 1239 1239 1295 1295 
Total Thrust (kg) 124.8 124.8 135.2 135.2 
Root Incidence (deg) 17.42 18.77 16.15 18.57 
Tip Incidence (deg) 6.822 5.767 7.147 5.570 
Figure of Merit 0.693 0.741 0.656 0.741 
Thrust Coefficient 0.00418 0.00424 0.00416 0.00416 
Disc Loading (N/m
2
) 164.9 166.1 179.0 179.0 
Solidity – Geometrical 0.039 0.040 0.042 0.040 
Solidity – Thrust-Weighted 0.038 0.034 0.041 0.034 
Disc Area (m
2
) 7.44 7.38 7.42 7.42 
POWER OUTPUT  
Ideal Hover Power (kW) 11.19 11.24 12.63 12.63 
Induced Power (kW) 12.42 12.15 14.13 13.65 
Induced Power Factor  1.11 1.08 1.12 1.08 
Profile Power (kW) 3.7 3.0 5.1 3.4 
Total Power (kW) 16.15 15.16 19.25 17.06 
Improvement (%) 0 6.1 0 11.4 
For the improved blade, the thrust-weighted solidity is reduced by 10.5% for the Kiowa OH-
58A/C and 21% for the Hiller UH-12L. Reduced thrust-weighted solidity infers lower stall 
margins, and this requires particular consideration. The stall margin is also affected by the 
maximum lift coefficient of the aerofoil sections, which have been updated for the improved 
blade. The stall margins for both aircraft were investigated for each of the critical blade 
stations at the hover design point, and the results are given in Table 4-12 and Table 4-13. The 
stall analysis was performed using the interface between MATLAB and XFoil (see Section 
3.2.1) to determine the maximum lift coefficient of a given aerofoil under the local flow 
conditions. The predictions suggest that the stall margin would be practically unchanged in 
the inboard regions of the blade, but has actually increased over the outer portions. The data 
does not account for unsteady effects which are significant in forward flight, and is therefore 
only relevant for the design hover case. 
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Table 4-12 Stall margin for the Kiowa OH-58A/C baseline and improved blades 
Radial 
Station 
Baseline 
Blade Cl 
Baseline 
Blade Cl,max 
Baseline Stall 
Margin (%) 
Improved 
Blade Cl 
Improved 
Blade Cl,max 
Improved Stall 
Margin (%) 
30 % 0.825 1.23 49.1 0.924 1.35 46.1 
50 % 0.805 1.25 54.8 0.875 1.35 54.3 
75 % 0.700 1.17 67.1 0.771 1.33 72.5 
90 % 0.601 1.07 78.0 0.652 1.22 87.1 
Table 4-13 Stall margin for the Hiller UH-12L baseline and improved blades 
Radial 
Station 
Baseline 
Blade Cl 
Baseline 
Blade Cl,max 
Baseline Stall 
Margin (%) 
Improved 
Blade Cl 
Improved 
Blade Cl,max 
Improved Stall 
Margin (%) 
30 % 0.715 1.08 51.0 0.913 1.35 47.9 
50 % 0.713 1.11 55.7 0.864 1.35 56.2 
75 % 0.644 1.05 63.0 0.762 1.34 75.6 
90 % 0.571 0.99 73.9 0.646 1.22 88.9 
The aerodynamic performance of the baseline and improved blades for the Kiowa OH-58A/C 
is compared using twelve performance plots (Figure 4-13 through Figure 4-24) generated by 
the aerodynamics hover model (Section 3.2). The Hiller UH-12L performance plots are given 
in Appendix B. Figure 4-13 shows the lift distribution over the blade span and indicates that 
the loading is shifted inboard for the improved blade. This effectively unloads the tip region, 
giving a more uniform downwash velocity (Figure 4-14) and bound circulation (Figure 4-15). 
The operating efficiency of the blades, represented by a modified lift-to-drag ratio, is 
presented in Figure 4-16 and the improved blade shows a significant advantage.  
Although the angle of attack across the improved blade is lower (Figure 4-17), the cambered 
aerofoils result in high lift coefficients (Figure 4-18). However, as shown in Table 4-12, the 
stall margin is not adversely affected. While both baseline and improved blades show similar 
centre of pressure distributions (Figure 4-19), the moment coefficients are actually lower for 
the improved blade (Figure 4-20). This was not expected, but simulations with other 2-D 
aerofoil analysis software models, including DesignFoil R5.32, confirmed the finding. The 
turbulent flow parameters in XFoil which describe the forced tripping of the boundary layer 
are likely to be the main cause for the symmetrical NACA 0012 exhibiting higher pitching 
moments.  
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The profile power distribution is presented in Figure 4-21, showing a significant reduction in 
the outer portions for the improved blade. Also, the induced power distribution is presented in 
Figure 4-22, showing the improved blade to have a more even distribution. This is to be 
expected due to the unloading of the blade tip, and this translates to lower total induced 
power. 
Finally, the scale Kiowa OH-58A/C hover performance over a range of thrust coefficients is 
presented in Figure 4-23 for the design hover point, and for sea level ISA conditions in Figure 
4-24. The MTOW points are labelled, showing the improved blade to require less power for a 
given thrust level. The horizontal offset in the MTOW points, indicates that the improved 
blades operate at a higher thrust coefficient. This is attributed to the improved blade span 
being slightly smaller than the baseline Kiowa blade, to ensure compatibility with the Hiller 
UH-12L hub (see the disc area in Table 4-11). At sea level, the improved composite blade is 
predicted to provide a 5.9% reduction in power required to hover OGE when compared to the 
baseline Kiowa blade. 
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Figure 4-11 Baseline Kiowa OH-58A/C Mach scale blade 
 
Figure 4-12 Improved Mach scale composite blade 
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Figure 4-13 Predicted lift distribution for the Kiowa OH-58A/C 
 
Figure 4-14 Predicted induced velocity profile for the Kiowa OH-58A/C 
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Figure 4-15 Predicted bound circulation distribution for the Kiowa OH-58A/C 
 
Figure 4-16 Predicted operating efficiency for the Kiowa OH-58A/C 
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Figure 4-17 Predicted angle of attack distribution for the Kiowa OH-58A/C 
 
Figure 4-18 Predicted lift coefficient distribution for the Kiowa OH-58A/C 
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Figure 4-19 Predicted centre of pressure distribution for the Kiowa OH-58A/C 
 
Figure 4-20 Predicted moment coefficient distribution for the Kiowa OH-58A/C 
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Figure 4-21 Predicted profile power distribution for the Kiowa OH-58A/C 
 
Figure 4-22 Predicted induced power distribution for the Kiowa OH-58A/C
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Figure 4-23 Predicted hover performance of the Kiowa OH-58A/C at 4000 ft and 35°C 
 
Figure 4-24 Predicted hover performance of the Kiowa OH-58A/C at sea level ISA 
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4.3.2 Forward Flight  
The improved composite blades must not degrade the forward flight characteristics of the 
target aircraft, and to assess this, a limited forward flight investigation was conducted. Focus 
was only on the Kiowa OH-58A/C since the VNE is considerably larger than for the Hiller 
UH-12L. However, when compared to most modern rotorcraft, the VNE of the Kiowa is low 
at only 120 knots, and therefore it is unlikely that the composite blades will encounter 
problems in forward flight. This is because the improved tip aerofoils have increased the tip 
drag divergence Mach number and maximum lift coefficient, when compared to the baseline 
blade. However, the reduced thrust-weighted solidity will require the improved blades to 
operate at higher lift coefficients, and therefore a forward flight study was required to 
investigate the stall margins around the azimuth. 
The forward flight aerodynamics model (described in Section 3.2) was used to investigate the 
performance of the baseline and improved rotor blades. The following conditions and 
assumptions were used for the analysis: 
 The tip speed ratio was set at 0.31 corresponding to 120 knots at 1239 RPM. 
 No tail rotor, horizontal stabilizer, or fuselage lift forces were included. 
 A flat plate area of 0.0569 m2 was used based on 0.7 m2 for the full-scale aircraft. 
 The blade disc was discretised into 30 radial and 20 azimuthal stations. 
 A Lock number of 4.5 was used as suggested by Brogdon [61]. 
 The collective was adjusted to attain MTOW with 4% vertical drag at sea level ISA. 
 The cyclic was adjusted for a rolling coefficient (CR/σ) of ±0.0005 and a moment 
coefficient (CM/σ) of ±0.002 [59]. 
No reliable equivalent flat plate area data could be found for the Kiowa OH-58A/C. 
According to Prouty [59], the Hughes OH-6A has a flat plate area of 0.46 m
2
 (5 ft
2
) and the 
Bell UH-1B has an area of 1.8 m
2
 (19.5 ft
2
). These aircraft have gross weights of 1157 kg and 
4309 kg respectively. The Kiowa is similarly streamline, but has a gross weight of 1451 kg, 
indicating a flat plate area between the bounds of the OH-6A and UH-1B. An area of 0.7 m
2
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(7.5 ft
2
) was selected and is deemed to be conservative. Since relative performance values are 
of primary interest, any error introduced by this assumption is predicted to be small.  
The performance comparison between the Kiowa OH-58A/C with baseline and improved 
blades is shown in Table 4-14. The results indicate that the improved blade will have an 8.9% 
reduction in power required to achieve VNE at sea level. The improvement is mainly the 
result of reduced profile drag. However, the improved blade does require additional forward 
cyclic travel, which could possibly limit the VNE due to control margin requirements. 
Table 4-14 Forward flight performance comparison 
Output Parameter 
Kiowa Scaled 
Blade 
Improved Blade 
on the Kiowa 
GENERAL OUTPUTS  
MTOW (kg) 120 120 
Total Thrust (kg) 125.6 125.6 
Root Incidence (deg) 16.45 18.40 
Thrust Coefficient/Solidity 0.087 0.076 
Coning Angle (deg) 2 2 
Tip Plane Path Angle (deg) -6.21 -6.17 
H Force (N) 18.3 14.8 
Fuselage Drag (N) 133.5 132.5 
Disc Area (m
2
) 7.44 7.38 
Cyclic Fore/Aft (deg) 5.40 7.00 
Cyclic Left/Right (deg) -1.06 -1.21 
POWER OUTPUT  
Induced Power (kW) 9.64 9.51 
Profile Power (kW) 7.32 5.89 
Total Power (kW) 16.96 15.45 
Improvement (%) 0 8.9 
Analysing stall margins in forward flight is complex because of the unsteady aerodynamic 
effects that significantly influence aerofoil performance and local flow features. However, 
comparative values of lift coefficient around the azimuth are of primary interest, and are 
likely to give a good indicator of relative stall margin. The lift coefficient distribution for the 
baseline rotor was calculated using the forward flight component of the aerodynamics model, 
and the result is given in Figure 4-25. The critical area over the disc is on the retreating side, 
where the lift coefficient over the outboard blade portions was predicted to be 0.92. Using the 
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corresponding Reynolds number and Mach number, the maximum lift coefficient of the 
NACA 0012 aerofoil under static conditions is 1.19, giving a stall margin of 29%. 
 
Figure 4-25 Predicted forward flight lift coefficient distribution for the baseline blade  
The predicted distribution over the improved blade is shown in Figure 4-26, with lift 
coefficients of approximately 1.12 on the retreating side. The critical region is in the outer 
10% of the blade span where the aerofoil is a VR-14. The static maximum lift coefficient was 
determined for the VR-14 aerofoil to be 1.27, giving a stall margin of 13%. Although the 
improved blades do operate closer to stall on the retreating side than the baseline blades, the 
static maximum lift coefficients indicate a considerable stall margin. In forward flight the 
dynamic maximum lift coefficient will be higher again, suggesting that retreating blade stall 
should not be a problem. 
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Figure 4-26 Predicted forward flight lift coefficient distribution for the improved blade  
On the advancing side, the improved rotor shows negative lift coefficients of -0.2 near the 
blade tip. Producing negative lift on the advancing side is an indicator that vertical vibration 
could be a problem. While a comprehensive vibration study is beyond the scope of this 
research work, it is worthwhile considering the forward flight lift profile for any increase in 
the 2P (twice per revolution), 4P and 6P aerodynamic blade loads. These vertical periodic 
loadings for a two-bladed rotor system translate into fuselage vibration, and are therefore of 
particular interest. 
Within the forward flight aerodynamics model, a Fourier series comprising 10 harmonic 
components was used to represent the lift per blade as it passes around the azimuth. Figure 
4-27 and Figure 4-28 show the results for the baseline and improved blades respectively. The 
improved rotor shows a slightly larger difference between the high and low values of lift. To 
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investigate this, the 2P, 4P and 6P oscillating lift loads are presented for the baseline and 
improved blades in Figure 4-29 and Figure 4-30. For convenience, the 4P and 6P amplitudes 
have been multiplied by a factor of 20 to help denote the differences between the blades. In 
each case, the improved blade shows higher amplitudes, particularly for the 4P harmonic, 
indicating that increased airframe vibration may be experienced in forward flight. 
 
Figure 4-27 Predicted forward flight lift profile for the baseline blade  
 
Figure 4-28 Predicted forward flight lift profile for the improved blade  
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Figure 4-29 Predicted forward flight vibratory loads for the baseline blade  
 
Figure 4-30 Predicted forward flight vibratory loads for the improved blade  
Yen and Tanner [112] present a study into minimizing 2P airframe vibration, which was 
experienced when composite blades were installed on a Bell UH-1H. They suggest that blade 
twist, chordwise centre of gravity, aerodynamic centre location and pitching moment 
characteristic, are particularly influential for 2P airframe vibration. Unfortunately, vibration 
prediction is particularly difficult as described by Hansford and Vorwald [113], who 
compared the theoretical results of leading industry vibration analysis tools with experimental 
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data. While progress is being made with the coupling of analysis using advanced CFD and 
Computational Structural Dynamics methods, the vibration problem is computationally 
expensive, and for some cases the analysis tools are not sufficiently accurate [114]. 
Estimating the magnitude and significance of the vibration increase caused by the improved 
composite blade is beyond the scope of this research work. Furthermore, since the primary 
aerodynamic objective is to improve hover performance, the potential forward flight penalties 
were deemed acceptable. 
4.4 Structural Design 
The objective of rotor blade structural design is to ensure that the blade will maintain its 
structural integrity throughout the flight envelope, encountering all foreseeable loading 
regimes, and for a specified period. Therefore, structural integrity infers that the blade can 
withstand: 
 static, gust and manoeuvre loads throughout the flight envelope 
 the expected dynamic loading over the life of the blade 
 reasonable and foreseeable impact events without structural failure (landing site 
debris, small branch/foliage impact etc.) 
 environmental conditions including erosion, corrosion, moisture absorption, ultraviolet 
radiation and lightning strikes over the expected life of the blade. 
These requirements are formally specified within a governing set of regulations, which in 
Australia, is the Civil Aviation Safety Regulations (CASR) and in America the Federal 
Aviation Regulations (FAR). For the target aircraft considered in this study, the applicable 
airworthiness standard is CASR Part 27 which directly references FAR Part 27
7
. Blade 
certification issues are discussed separately in Chapter 7, but reference to applicable FARs 
will be made throughout this section.  
Composite materials are conducive to the manufacture of complex aerodynamic profiles and 
can provide an extended service life when compared to metal blades. However, using 
composites introduces an added level of complexity to structural design, primarily because of 
                                                 
7
 The EASA CS-27 regulations can also be used to comply with CASR Part 27. 
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their anisotropic and non-conductive material properties. Therefore, an overview of the major 
composite structural design considerations for helicopter rotor blades is presented. One of the 
first design considerations is selecting materials for each blade component and determining 
their associated mechanical properties. 
4.4.1 Materials 
Harderson and Blackburn [12] provide a concise discussion on the merits of various fibre and 
matrix systems with respect to rotor blade manufacturing. This discussion explains why most 
early composite blade designs relied heavily on E-glass and S-glass fibre. In addition to the 
low cost in comparison to carbon, glass provided a low radar cross-section, and has slow and 
progressive crack propagation characteristics when compared to metal blades. However, 
today with toughened epoxy resins and a reduced cost, carbon fibre is being increasingly used 
in rotor blades because of its higher stiffness, strength and fatigue performance. 
Detailed guidance for designing critical aircraft structures from composite materials is given 
in Advisory Circular (AC) 20-107B, and specifically for rotorcraft in AC 20-95 (cancelled in 
2003). However, obtaining accurate and representative composite material properties for use 
in design is challenging. While data sources such as Composite Material Handbook (CMH)-
17 provide some basis for material properties, experimental testing is the only accurate means 
for gathering data applicable to a certain material under the chosen manufacturing technique. 
For this research work, some basic material testing was performed, but comprehensive shear, 
compression and fatigue testing to determine A-basis and B-basis design allowables is beyond 
the scope of this project. This introduces a degree of uncertainty. It is proposed that this is 
accounted for through conservative design practices.  
To account for material property scatter, stress concentrations (impact and notch sensitivity) 
and environmental material degradation, the allowable strain values include a knock-down-
factor of 0.66 (2/3
rds
 of the failure strain). For the blade root lug design, a fatigue factor of 2.2 
is also applied, and in all cases a baseline Factor of Safety (FoS) of 1.5 is used in the design. 
In the case of the blade root, the effective allowable strain is reduced to 20% of the ultimate 
failure strain. Placing such a large knock-down-factor on the material properties, should also 
account for blade fatigue, although this would need to be confirmed through flight testing of 
instrumented blades. The following is a brief discussion of the materials selected for each 
component of the Mach scale blades as shown in Figure 4-31. 
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Figure 4-31 Typical composite helicopter blade components 
4.4.1.1 Primary Structural Materials 
The primary structural materials used for the fabrication of the Mach scale composite blades, 
are in the form of pre-impregnated fibre (prepreg), ensuring a high fibre volume ratio and 
repeatable weight and stiffness distributions. The Mach scale blade spar will be designed and 
manufactured using High Strength (HS) carbon fibre/epoxy prepreg. Carbon fibre was 
selected for its high stiffness, strength and fatigue endurance limit (approximately 75-80% of 
the failure strain), which allows for less material to be used when compared to glass. This is a 
significant advantage for Mach scale blades which have limited internal blade area.  
The blade skins will also be HS carbon prepreg, as this will provide improved fatigue 
properties, limit material variation, improve thermal compatibility to the carbon spar and 
reduce the basic blade mass. Carbon has a lower density than glass and therefore carbon skins 
will shift the centre of gravity forward. Analysis showed a 2.5% chordwise shift of the centre 
of gravity when carbon was selected over glass, which is favourable for pitch-flap stability. 
The torque wraps typically consist of an inner wrap (inside of the spar caps) and an outer 
wrap (around the spar caps), and are used to carry blade torsion loads. Due to the size 
limitations of the Mach scale blades, the inner torque wrap was not included. The outer torque 
wrap consists of a single ply of ±45° carbon/epoxy prepreg fabric, and carbon was again 
selected for compatibility with the rest of the blade. At the root end of the blade, a second ply 
was included for additional reinforcement where the torsion loads are the greatest. 
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The prepreg used for the Mach scale blades is produced in the U.K. by the Advanced 
Composites Group (ACG) and distributed in Australia by Lavender Composites. The 
unidirectional and fabric prepregs used in the blades have product codes of VTM264/HS-200 
and VTM264/CF0300, respectively. For both materials the reinforcement is T700 carbon fibre 
and the epoxy matrix is VTM264. The prepreg is a commercial grade with a high fibre 
volume fraction (approximately 55%) and flexible curing conditions, resulting in a forgiving 
material ideal for blade development. The matrix is not a toughened system and toughened 
resins are desirable for blade applications for improved impact performance. However, the 
use of a toughened resin system will not alter the design and manufacturing processes, and 
therefore it was judged that VTM264 would adequately serve the purposes of this project. 
A DIAB foam core was initially selected for the spar and afterbody core of the blade. The 
foam was a Divinycell HP60, but due to poor performance in root consolidation testing, this 
material proved to be unsuitable. Consequently, the industry standard Rohacell WF71 PMI 
foam, made by Evonik Degussa GmbH, was selected. The major design driver for the 
selection of this core was the high compression strength, facilitating the In-Mould Pressing 
manufacture technique. Also, Rohacell WF71 is a closed cell foam that exhibits excellent 
machining characteristics, ensuring accurate and repeatable cores. For both the spar and 
afterbody core, an ACG epoxy film adhesive VTA260/PK13-313 was used. 
4.4.1.2 Secondary Structural Materials 
Blades operating in rain or dusty/sandy environments suffer from erosion, particularly on the 
leading edge of the outer 25% of the blade span. Composite blades are particularly susceptible 
to erosion and require some form of protection. A number of solutions can be employed, such 
as the use of blade tape or the installation of an erosion strip. The latter is usually incorporated 
into the blade manufacturing process and can be a polyurethane or metal strip (typically 
nickel, titanium or steel). While erosion strips can favourably influence the blade mass 
distribution, they were not installed on the Mach scale blades. The reason was primarily to 
keep the manufacturing process as simple as possible.  
Every composite rotor blade requires inertia weights to increase the rotational inertia. This is 
required for safe autorotation performance in the event of an engine failure. The Bell 206 
JetRanger metal blade houses a large brass inertia weight (8,500 kg/m
3
) at the blade tip and a 
smaller lead tuning weight (11,300 kg/m
3
) at approximately 50% span. The density of these 
Mach Scale Composite Blade Design 
149 
materials is sufficient for use in un-tapered blades where the spar areas are relatively large. 
However, for tapered blades the available area in the blade tip is considerably reduced. 
Tungsten was therefore used for both the inertia and tuning weights of the Mach scale blades 
because of its exceptionally high density (19,300 kg/m
3
). 
Although not shown in Figure 4-31, the blade trim tabs were made from 2024-T3 Alclad and 
the inserts for housing the tuning masses from 6061-T6 aluminium. The inserts were bonded 
using Hysol 9394 epoxy paste adhesive, as were the root bush wear pads. The wear pads 
ensure a controlled lug width and are made from stainless steel shim. All root bushes were 
made from high tensile 709M steel. 
4.4.1.3 Coupon Testing 
Coupon testing was performed to confirm the tensile test data supplied by ACG
8
. A flat plate 
of unidirectional carbon/epoxy tape was manufactured, from which coupons were made. The 
8 ply coupons were approximately 1.6 mm thick, 11.5 mm wide and 300 mm long, and had 
glass grip pads bonded to each end of the specimen. The experimental test setup involved a 
calibrated 50 kN dual column Instron tensile test machine and a 50 mm extensometer that was 
used to measure coupon strain and thus allow calculation of the axial modulus. The coupons 
were loaded at a rate of 1 mm/min until failure. The failure modes of the coupons were not 
affected by the clamping action of the machine grips since each specimen failed outboard of 
the clamped region. From three tensile tests, the ultimate tensile stress and axial modulus 
design values were deduced to be 2351 MPa and 150 GPa, respectively. 
Experimental tensile test data of a ±45° carbon/epoxy laminate was also obtained, using 25 
mm wide coupons that featured an 8 ply layup (approximately 1.8 mm thick). From three 
tensile tests, the ultimate tensile stress and axial modulus design values were deduced to be 
169 MPa and 10.7 GPa, respectively. The unidirectional and ±45° experimental tensile stress 
results are similar to those in the ACG product datasheet for VTM260 series prepregs. 
4.4.1.4 Material Properties 
The pristine properties of the primary structural materials, used in the Mach scale composite 
blades, are presented in Table 4-15. The data is based on a combination of coupon tests and 
ACG data. The Rohacell foam data is based solely on manufacturer‟s specifications. 
                                                 
8
 The coupon testing was not performed in accordance with an ASTM or other standard. 
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Table 4-15 Material properties for the primary blade components 
Material Blade Component 
E1 
(GPa) 
G 
(GPa) 
ρ 
(kg/m
3
) 
Ftu (MPa) 
Tension/Compression 
Fsu 
(MPa) 
HS Carbon UD Spar,  trailing edge 150 6.3 1600 2351/1100 83.6 
HS Carbon ±45° Torque wraps, skin 10.7 34.9 1600 169/169 345 
Rohacell 71WF 
Spar core, 
afterbody core 
0.098 0.037 73.1 2.19/1.26 1.3 
4.4.2 Fatigue 
Full-scale blades on the Kiowa OH-58A/C and Hiller UH-12E/L experience approximately 
six fatigue cycles per second. The loading environment, particularly in forward flight, is 
inherently periodic which introduces loads into the blades at integer multiples of the rotor 
RPM. As shown in Figure 4-32, aluminium does not have a well-defined endurance limit, and 
as such aluminium blades have a retirement life typically between 2000 and 5000 hrs. The use 
of composite materials greatly increases the retirement life and in some cases blades are 
certified as retired-on-condition. This is partly due to the fact that blades operate in a largely 
tension-dominated strain field, and in most cases this causes non-catastrophic failure modes of 
skin cracking or delamination [115]. For the Bell 412, it is not uncommon for the composite 
blades to achieve an operational life of 20,000 hrs or more. In this case the limiting factor is 
environmental degradation. Over the life of the blade, erosion, impact damage, delamination 
and moisture absorption result in numerous repairs that eventually become uneconomical to 
sustain. 
For composite materials, the ratio between the initial ultimate strength of a laminate and the 
endurance limit varies depending on the type of fibre reinforcement. A comparison of fatigue 
performance for various reinforcements is shown in Figure 4-32. A comprehensive fatigue 
analysis is critical for a new rotor blade design. Methodologies for calculating, testing and 
arriving at a safe-life, are varied and range in complexity. AC 20-107B provides generic 
guidance for demonstrating that a composite structure satisfies FAR fatigue requirements, and 
focuses heavily on damage tolerant designs. This is applicable for helicopter rotor blades 
certified under FAR 29 (transport category rotorcraft), but is yet to be required for FAR 27 
(normal category rotorcraft). The target aircraft in this research are normal category rotorcraft, 
and therefore a more applicable guide to fatigue evaluation is AC 20-95. This AC was 
cancelled in 2003, but does specify in detail, the steps required to justify a particular safe-life 
and thus comply with FAR 27.571, which covers fatigue evaluation of the flight structure. 
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Figure 4-32 Fatigue behaviour of unidirectional composites [116] 
A complete fatigue analysis of the Mach scale rotor blades is beyond the scope of this MEng 
project, but the stress analysis outputs will provide a good indicator of the expected fatigue 
performance. If positive margins of safety are calculated under all critical flight conditions, it 
is likely that fatigue will not be the limiting factor in defining a blade service life. 
4.4.3 Impact 
Composite structures are susceptible to impact damage because of their low through-thickness 
strength and poor interlaminar fracture toughness. This is particularly important for helicopter 
rotor blades which often operate on unprepared landing sites, where downwash can propel 
debris through the rotor system. Blade impact is also common from operating in close 
proximity to trees. Interestingly, there is no specific FAR to address this issue. There is an 
overarching statement in FAR 27.547 stating that the rotor must withstand any critical loading 
condition expected in normal operation, but nothing specific to impact.  
In military applications, requirements are often made on the ability of rotors to withstand a 
ballistic impact, with variables of calibre, impact velocity, and penetration location and angle. 
Brogdon [61] presents a detailed numerical approach for the treatment of ballistic impact into 
composite structures, but such an undertaking is beyond the scope of this research work.  
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4.4.4 Lightning 
Helicopter rotor blades must be capable of withstanding a lightning strike in accordance with 
FAR 27.610, and guidance on an acceptable means of demonstrating compliance with this 
regulations is provided through AC 20-107B. Glass is inherently non-conductive, and 
therefore fibreglass blades normally incorporate a metal mesh into the layup, to provide a 
current path back to the blade bolt. Brogdon [61] accomplishes this by using a 120-mesh 
aluminium wire screen, covering the majority of the blade. Such a design can also be 
beneficial for minimising static electricity and reducing the radar cross-section. 
Carbon fibre is moderately electrically conductive. This prevents the build-up of static charge 
but it cannot provide a low resistance path for a lightning strike [117]. An example of the 
effects of a lightning strike to a carbon fibre composite main rotor, is given by the Air 
Accidents Investigation Branch for a Eurocopter Super Puma AS332 [117]. In this incident, 
four blades were severely damaged and two lost 40% of the blade tip area. The brass earth 
strips of these two blades were vaporised and localised heat damage and delamination was 
observed between the inboard end of the erosion strip and the blade root. Lightning protection 
for carbon composite blades is essential, but beyond the scope of this research. 
4.4.5 Critical Load Cases 
The full regime of blade stresses will not become apparent until instrumented blades are 
experimentally tested. However, the initial prototype blades must be designed with a degree 
of certainty as to their structural integrity. For this purpose, main rotor blade design loads are 
specified in FAR 27.547 and include: 
 critical flight loads 
 limit loads under autorotation 
 rotor blade impact against its stop whilst on the ground 
 any critical condition expected in normal operation 
 limit torque at any RPM including zero. 
The critical flight loads and limit loads are specified in FAR 27.337 through FAR 27.341, and 
include manoeuvring loads and gust loads. However, addressing each of these requirements is 
a substantial undertaking, and for the purposes of this study the process will be simplified. 
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Specifically, critical load cases will be specified as functions of g load, RPM, chordwise 
moment and torsional moment. This procedure is followed by Brogdon [61], Hoffrichter [62] 
and Harderson and Blackburn [12] based on load data provided by Jordan [118]. The data 
presented by Jordan is applicable to the full-scale Kiowa OH-58A/C but can also be the basis 
for scaled blade load data. 
4.4.5.1 Full-Scale Blade Load Cases 
With respect to vertical acceleration, the Kiowa OH-58A/C blade must withstand -0.5 g to 2.5 
g with RPM limits of 411 and 304 [62]. Since design data for the Hiller UH-12E/L is not 
available, the upper limit will be increased by 16 RPM, and the lower limit reduced by 29 
RPM, to account for the different rotor limit settings of the Hiller (based on data from Type 
Certificate Data Sheet No. H1WE).  
The chordwise moment of the full-scale blade, as described by Brogdon [61], is 8988 Nm and 
-5992 Nm for power-on and power-off conditions, respectively. These values are based on 
operating conditions of 218 kW (292 hp) and 347 RPM, and will be conservative for the 
Hiller because although the transmission limit is higher at 227 kW (305 hp) maximum 
continuous, the normal RPM is also higher at 370. The net effect is lower chordwise 
moments, and therefore the Kiowa chordwise design loads are conservative for the Hiller. 
Finally, torsional loads must be considered. The Kiowa blade pitch link limit load is 5338 N. 
Given the 183 mm pitch horn radius, this translates to an allowable torsion moment of 976 
Nm. Since pitch link limit load data for the Hiller is not available, the Kiowa values will be 
used pending additional information. These criteria must all be satisfied at the maximum 
gross weight of 1451 kg for the Kiowa and 1587 kg for the Hiller. The resulting load cases are 
shown in Table 4-16. 
Table 4-16 Full-scale blade load cases 
Condition MCO (Nm) RPM Vertical g’s 
1 8988 427 -0.5 
2 -5992 427 -0.5 
3 8988 285 2.5 
4 -5992 285 2.5 
5 13010 0 2 
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Loading condition 5 represents static droop loads as suggested by Brogdon [61]. This loading 
condition will not be considered for the Mach scale blades because data from Brogdon [61] 
and Hoffrichter [62] suggest that it is not a critical condition. With the critical full-scale blade 
load cases defined, the Mach scale blade loads cases can be calculated.  
4.4.5.2 Mach Scale Blade Load Cases 
For the Mach scale blades, the vertical g criteria remains the same as the full-scale blades, the 
RPM criteria can be scaled, and the chordwise moment can be calculated from the maximum 
anticipated torque loading. Defining a torsional loading limit is difficult, since this requires 
calculation of critical pitch link loads. Therefore, for the purposes of this analysis, the full-
scale torsion limit load data will be scaled to provide a starting value. 
Based on the findings of Section 4.2.3, the power plant must be capable of delivering a 
minimum of 19 kW. Accounting for 10% installation losses and a small margin of safety, a 
mast (transmission) limitation will be set at 22 kW. To find the critical torque limitation, a 
lower RPM gives a higher torque loading, and therefore the Kiowa RPM will be the basis for 
the chordwise moment calculation. As discussed previously, the Kiowa RPM used for 
defining the chordwise loading is 347. For the Mach scaled blade, this translates to 1214.5 
RPM. Following the procedures outlined by Brogdon [61], this gives Mach scaled chordwise 
moments of 263.8 Nm and -175.9 Nm for power-on and power-off, respectively. The 
complete Mach scale blade load cases can now be established as shown in Table 4-17. 
Table 4-17 Mach scale blade load cases 
Condition MCO (Nm) RPM Baseline RPM Improved Vertical g’s 
1 263.8 1438.5 1494.5 -0.5 
2 -175.9 1438.5 1494.5 -0.5 
3 263.8 1064.0 997.5 2.5 
4 -175.9 1064.0 997.5 2.5 
With the loading cases defined, the blade loads can now be calculated. The loads of interest 
are flapwise, chordwise and torsional moments, as well as centripetal forces. To calculate 
these loads, the spar wall offset must be specified and the blade mass and stiffness 
distributions calculated. 
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4.4.6 Spar Wall Offset 
An important consideration is the location of the rear spar wall with respect to the front of the 
blade. This value influences the flapwise and torsional stiffness of the blade, as shown in 
Figure 4-33, as well as the internal spar area available for inertia and tuning weights. After 
careful consideration and iterations of the structures numerical model (Section 3.3), the rear 
spar wall was set at 35% chord for the baseline and improved Mach scale composite blades. 
In the case of a tapered blade, where the leading and trailing edges are tapered such that the 
quarter-chord line remains straight, a 35% chord-line will not be straight. For 
manufacturability, a straight line will be used by specifying that the 35% offset is at the root 
end of the blade in the un-tapered region, and will extend parallel to the 25% chord-line. This 
results in a spar wall offset at the blade tip of approximately 43% for the improved blade. This 
is a favourable condition, since spar volume is always problematic at the blade tips, where 
inertia and balance weights need to be housed forward of the quarter-chord line. 
 
Figure 4-33 Flapwise and torsional blade stiffness as a function of spar wall offset [19] 
4.4.7 Mass and Stiffness Distribution 
The mass and stiffness distributions of the Mach scaled blades are important for structural and 
dynamic blade design. The mass distribution of the baseline Mach scale blade, should closely 
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replicate the full-scale Kiowa OH-58A/C blade mass distribution (Figure 4-34). It should be 
noted that the blade begins at approximately 10% span, inboard of which is the grip and hub 
structure. From the Mach scaling rules, the mass distribution of the full-scale blade should be 
divided by the cube of the scaling ratio to calculate the scaled mass distribution (Figure 4-35). 
For this ideal case, the mid-span inertia mass must be 0.103 kg and the tip mass must be 0.126 
kg. Based on the optimum mass distribution, the autorotation index (AI) can be calculated: 
 
   
   
 
     
 (4.1)  
where Ib is the mass moment of inertia for both blades, and DL is the disc loading. From 
Figure 4-34, the mass moment of inertia of both blades was found to be 841 kg.m
2
, and given 
the rotor radius (5.38 m), RPM (354) and MTOW (1451 kg), the AI can be calculated: 
 
   
                  
           
     
    
    
 (4.2)  
The AI is not a meaningful parameter in itself, but it provides a means of comparison between 
aircraft [6]. Traditionally, the AI is derived using imperial units, in which case the AI of the 
Kiowa blade is 40.9. A higher AI indicates a better performing aircraft in the autorotative 
state. To maintain the existing safety of the target aircraft, the AI should be maintained for the 
scaled baseline and improved blades, giving a minimum AI of 11.69 (imperial). 
 
Figure 4-34 Full-scale Kiowa OH-58A/C mass distribution (data from Brogdon [61]) 
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Figure 4-35 Optimum Mach scale baseline blade mass distribution 
Since the Mach scale blades will be constructed from composite materials, the optimum mass 
distribution cannot be replicated. This is because composites have a higher specific stiffness 
than aluminium and if the flapwise, chordwise and torsional stiffness of the full-scale blade is 
correctly scaled, the result will be a lighter blade. Therefore, additional inertia weights must 
be included in the baseline blade design to provide a dynamically equivalent structure.  
Correct scaling of the flapwise, chordwise and torsional stiffness is essential for a structurally 
and dynamically similar blade. The scaled stiffness properties of the full-scale Kiowa blade in 
the outboard (main) portion of the blade are: 
 Target Flapwise Stiffness:   1.11x108 Nmm2 
 Target Chordwise Stiffness: 4.46x109 Nmm2 
 Target Torsional Stiffness:  1.33x108 Nmm2 
The process of matching mass and stiffness properties is inherently iterative, and relies 
significantly on the accuracy of the material properties. The structures model was used to 
compute the baseline Mach scale composite blade mass and stiffness distribution. A number 
of iterations were performed to optimise the various areas, skin thickness and mass properties, 
such that the resultant design satisfied theoretical similarity and manufacturability. The 
baseline and improved blade design parameters are shown in Table 4-18. 
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Table 4-18 Structural design parameters 
Parameter 
Baseline Mach Scale 
Composite Blade 
Improved Mach Scale 
Composite Blade 
Spar Tip Area (mm
2
) 75 45 
Main Spar Area (mm
2
) 75 58 
Spar Taper Initiation (main to tip %) - 50 
Root Spar Area  (mm
2
) 224 176 
Spar Taper End (root to main %) 35 35 
Spar Wall Offset (chord %) 35 35 
Skin Thickness  (mm) 0.25 0.25 
Root Skin Thickness  (mm) 0.5 0.5 
Skin Transition Span (%) 35 35 
Outer Torsion Wrap Thickness (mm) 0.25 0.25 
Trailing Edge Area (mm
2
) 2.9 3 
Inertia Mass 1 (kg) 0.103 0.155 
Inertia Mass 1 (span location %) 50 50 
Inertia Mass 2 (kg) 0.19 0.2 
Inertia Mass 2 (span location %) 60 75 
Inertia Mass 3 (kg) 0.126 0.064 
Inertia Mass 3 (span location %) 95 92 
The baseline and improved Mach scale blade mass and stiffness distributions were calculated 
by the structures model (Section 3.3) and are shown in Figure 4-36 through Figure 4-41.  For 
the baseline blade, the mass distribution results in an AI of 12.8 indicating that the 
autorotative performance is slightly improved over the Kiowa metal blade. The structures 
model predicts that the final baseline blade will weigh 943 grams, plus the root bush weights, 
tip cap, tuning weight pockets and lead-lag restraint system. The baseline composite blade 
mass distribution (Figure 4-36) does not perfectly match the optimum distribution (Figure 
4-35); however, the root centripetal load, autorotation index and flapwise stiffness have been 
closely matched. The composite blade should therefore be dynamically, structurally and 
aerodynamically similar. The improved blade mass is calculated to be 893 grams and results 
in a lower than required AI of 11.33. However, once the tip cap, root bushes, and tuning 
weight pockets are installed, the AI should at least match the 11.69 requirement. A complete 
weight breakdown of both blades is given at the end of Chapter 5. 
For the outboard portion of the baseline blade, the flapwise stiffness (Figure 4-37) was 
calculated to be 1.1x10
8
 Nmm
2
, the chordwise stiffness (Figure 4-38) is 4.43x10
9
 Nmm
2
 and 
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the torsional stiffness (Figure 4-39) is 1.29x10
8
 Nmm
2
, indicating close similarity with the 
full-scale Kiowa blade. Due to the use of taper and varying aerofoils on the improved blade, 
the flapwise, chordwise and torsion stiffness distributions vary across the blade span. As 
shown in Figure 4-37, the flapwise stiffness was predicted to be considerably reduced across 
the majority of the improved blade, which is an unavoidable result, given the aerodynamic 
blade geometry. This is not expected to be a problem because the rotational inertia has been 
maintained and therefore, while the blade natural frequencies will differ, the coning angles 
and flight dynamics should not be adversely affected. 
The predicted centre of gravity and neutral axis locations for the baseline and improved 
blades are shown in Figure 4-40 and Figure 4-41. Both blades have difficulty locating the 
centre of gravity on or forward of the quarter-chord line. This is mainly due to the exclusion 
of an erosion strip which would have helped move the centre of gravity forward. To 
compensate, the inertia weights were located chordwise such that they locally bring the centre 
of gravity in front of the quarter-chord. Nevertheless, pitch-flap instability is potentially an 
issue. Therefore, for experimental testing (as described in Chapter 6) the pitch links of the 
whirl rig were instrumented to monitor this condition. With the baseline and improved blade 
mass and stiffness distributions defined, this data can be used by the dynamics forced 
response model to calculate design loads. 
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Figure 4-36 Predicted spanwise mass distribution 
 
Figure 4-37 Predicted spanwise stiffness distribution 
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Figure 4-38 Predicted chordwise stiffness distribution 
 
Figure 4-39 Predicted torsional stiffness distribution 
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Figure 4-40 Predicted centre of gravity and neutral axis distributions for the baseline blade  
 
Figure 4-41 Predicted centre of gravity and neutral axis distributions for the improved blade 
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4.4.8 Design Loads 
4.4.8.1 Centripetal Force 
The mass distributions of the Mach scaled blades will generate centripetal forces as shown in 
Figure 4-42 and Figure 4-43. The RPM values used in generating these plots are shown in 
Table 4-19. The conditions specified in the RPM column are with respect to the critical 
loading conditions of Table 4-17. The improved blade centripetal force distribution is 
calculated based on use with the Hiller UH-12E/L, as this represents the critical condition. 
Table 4-19 RPM values for the baseline and improved Mach scaled composite blades 
RPM Baseline Improved 
Upper (Condition 1 & 2) 1438.5 1494.5 
Normal 1239 1239 (1295)
9 
Lower (Condition 3 & 4) 1064 997.5 
4.4.8.2 Moment Distributions 
Using the critical loading cases defined in Section 4.4.5.2 for the Mach scale blades, the 
forced response dynamics model was used to calculate the flapwise, chordwise and torsional 
moment distributions across the blade span. Both the baseline and improved blades were 
analysed and the resulting predicted distributions are shown in Figure 4-44 through Figure 
4-49. The improved blade distributions are derived from the Hiller UH-12E/L flight 
conditions, which are critical due to the slightly higher MTOW (130 kg). In these diagrams, 
any references made to loading conditions are with respect to Table 4-17. This data was used 
to design the root lug of the baseline and improved blades.  
                                                 
9
 The improved blade has two normal RPMs corresponding to each target aircraft. The 1239 RPM is 3.5*354 
(Kiowa) and 1295 RPM is 3.5*370 (Hiller). The centripetal force graph shows the normal RPM for the Kiowa. 
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Figure 4-42 Predicted centripetal force distribution for the baseline Mach scale blade  
 
Figure 4-43 Predicted centripetal force distribution for the improved Mach scale blade 
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Figure 4-44 Predicted flapwise moment distribution for the baseline Mach scale blade  
 
Figure 4-45 Predicted flapwise moment distribution for the improved Mach scale blade  
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Figure 4-46 Predicted chordwise moment distribution for the baseline Mach scale blade  
 
Figure 4-47 Predicted chordwise moment distribution for the improved Mach scale blade  
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Figure 4-48 Predicted torsion distribution for the baseline Mach scale blade  
 
Figure 4-49 Predicted torsion distribution for the improved Mach scale blade  
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4.4.9 Blade Lug Design 
The interface of the blade spar with the blade bolt requires a lug design (Figure 4-50). 
Composite lug analysis is considerably different from classical metal lug analysis due to the 
anisotropic nature of composite materials and, in this case, the proposed manufacturing 
technique. Unidirectional fibre will be wrapped around the blade bolt bush and extended to 
the tip of the blade to form the main spar element. Under most flight conditions this will result 
in the fibres being loaded in pure tension, which is their preferred loading condition. 
 
Figure 4-50 Composite blade lug design problem 
The Hiller UH-12L hub features the critical lug thickness, which when scaled is 21 mm. 
Allowing for two thin wear plates, the useable thickness is 20.5 mm. The scaled Hiller UH-
12L and Kiowa OH-58A/C hubs demand different diameter blade bushes, at 8.4 mm and 11.0 
mm, respectively
10
. This was achieved using two concentric bushes as shown in Figure 4-51. 
 
Figure 4-51 (a) Hiller UH-12L and (b) Kiowa OH-58A/C bush configuration 
                                                 
10
 The Hiller UH-12E has a scaled blade bolt diameter of 7.25 mm which can be accommodated with the root 
bush design. 
Mach Scale Composite Blade Design 
169 
To calculate the required volume of unidirectional prepreg to wrap around the bushes, 
consideration of the centripetal forces and bending forces is required. The torsion load was 
considered to be sufficiently small to ignore at this stage of design, and the chordwise load 
was assumed to be reacted outside of the bushes. According to Brogdon [61] the maximum 
stress at the root lug can be found by: 
 
          
   
 
 
  
 
  (4.3)  
where 2.2 is a fatigue factor, FCF is the centripetal force, A is the cross-sectional fibre area, M 
is the flapwise moment at the blade root, and I is the flapwise second moment of area. The 
margin of safety of the design is then found according to: 
    
          
         
   (4.4)  
The allowable stress used is based on experimental data, and includes a knock-down-factor of 
2/3, as discussed in Section 4.4.1. Once fatigue, stress concentration, environmental and 
safety factors are applied, the allowable ultimate design strength of the material is reduced to 
approximately 20%
 
of the experimental failure stress. This will ensure a safe and long service 
life under all foreseeable environments and loading regimes.  
As shown in Table 4-20, the flapwise bending stress outweighs the centripetal stress, such that 
the upper portion of the top spar cap (at the blade root) is in compression. However, under 
most operating conditions, this loading will not occur because up to approximately +1.5 g, the 
top spar cap is still in tension at the root lug. This is important because the root lug design is 
not efficient at reacting compression loads. 
A computer-based numerical program was created to determine the optimum area of root end 
fibre to carry the centripetal and bending loads. It was found that loading condition 1 and 2 
(from Table 4-17) were critical for both the baseline and improved rotors. The chosen lug 
dimensions for the baseline composite blade are shown in Figure 4-52. The spar area for the 
baseline blade is considerably larger than that for the improved blade. This is because 
experimental data was not initially available, and so additional spar area was implemented as 
a safety precaution. However, once experimental tensile load data was obtained, the spar area 
was reduced for the improved blade designs. This was required to maintain the internal 
clearance between the root lug bushes, such that the lead-lag fork or boomerang could be 
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inserted (discussed in Section 4.6). Based on the lug dimensions of the baseline and improved 
blades, a stress analysis was performed and the results are presented in Table 4-20. 
 
Figure 4-52 Baseline Mach scale composite blade lug design 
 
Table 4-20 Lug analysis results 
Parameter Baseline Blade Improved Blade 
Critical Centripetal Load (N)
11
 20200 20350 
Critical Bending Moment (Nm) 230 275 
Ixx (mm
4
) 11890 8463 
A (mm
2
) 224 176 
Centripetal Stress (MPa) 90 116 
Bending Stress (MPa) 182 309 
Total Stress (MPa, incl. fatigue factor) 598.6 933.5 
Material Allowable Stress (MPa)
12
 1533 1533 
Margin of Safety (incl. FoS of 1.5) 0.75 0.12 
                                                 
11
 The specified loads are at the blade bolt which is located at approximately 9% span. 
12
 The allowable stress includes a 0.66 knock-down-factor as discussed in Section 4.4.1. 
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4.4.10 Stress Analysis 
With the Mach scale blade loads and structural dimensions defined, a stress analysis was 
performed using the structures model (Section 3.3) to solve for the spanwise margins of safety 
under each loading condition. The stress analysis methodology was based on the Tsai-Hill 
failure criterion, as described in Section 3.3.2. The analysis began from the end of the blade 
cut-out region (approximately 22% span) and extended to the blade tip. Margin of safety plots 
for the critical loading conditions are presented in Figure 4-53 and Figure 4-54, and the results 
for all other conditions are given in Appendix C. For the baseline and improved blades the 
critical condition was load case 2, which represents a -0.5 g load with power-off at maximum 
RPM (Table 4-17).  
A blade stress summary is presented in Table 4-21, showing the locations of the critical 
stresses in the improved blade for loading condition 2. Summarised are stresses for the 22%, 
50%, 75% and 95% spanwise locations, including X and Y dimensions measured from the 
leading edge of the blade. The critical stresses are shown to be at the end of the root cut-out 
region (where the analysis began), with the critical element being the blade skin. The critical 
stress was located in the afterbody region, just behind the rear spar wall. However, for all 
loading conditions and at all locations, positive margins of safety were predicted for the 
baseline and improved Mach scale blades. Due to the extensive knock-down factors applied to 
the material allowables (Section 4.4.1), and the superior fatigue performance of carbon/epoxy 
structures, it is likely that the composite blades will have an extended service life when 
compared to the metal blades of the target aircraft.   
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Figure 4-53 Predicted margin of safety distribution – Load case 2 for the baseline Mach scale blade  
 
Figure 4-54 Predicted margin of safety distribution – Load case 2 for the improved Mach scale blade  
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Table 4-21 Improved Mach scale blade summarised stress output 
Stress Analysis Output for Load Case 2 
 
      UNITS: X and Y - mm, Fn and Fs - MPa 
 
      Spanwise Location 22.1 Percent 
  
 
X Y Fn Fs MS 
Skin 49.5 7.9 34.8 2.6 1.7 
OTW 38.5 7.9 33.0 2.5 1.8 
Spar 38.0 7.6 450.0 0.3 1.8 
TE 103.9 0.5 283.4 0 3.4 
      Spanwise Location 50.1 Percent 
  
 
X Y Fn Fs MS 
Skin 55.0 6.8 27.5 3.0 2.4 
OTW 38.5 7.1 26.5 2.9 2.5 
Spar 38.0 6.9 365.9 0.3 2.4 
TE 103.9 0.5 309.2 0 3.1 
      Spanwise Location 74.8 Percent 
  
 
X Y Fn Fs MS 
Skin 38.3 5.5 18.1 2.4 4.1 
OTW 32.3 5.4 17.7 2.4 4.2 
Spar 31.8 5.2 241.8 0.2 4.2 
TE 79.0 0.6 179.1 0 6.0 
      Spanwise Location 95.0 Percent 
  
 
X Y Fn Fs MS 
Skin 26.0 3.6 3.6 1.4 24.4 
OTW 26.0 3.4 3.4 1.4 25.5 
Spar 26.0 3.1 45.7 0.1 26.3 
TE 57.8 0.6 31.4 0 38.9 
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4.5 Dynamic Design 
Helicopter rotor blades must be designed with sufficient spacing between the natural 
frequencies of the blade and integer multiples of the blade RPM. This will ensure that the 
periodic loads encountered in forward flight will not cause excessive vibration and aeroelastic 
instability. While every attempt has been made to scale the baseline blade aerodynamically, 
structurally and dynamically from the full-scale Kiowa OH-58A/C blade, manufacturing 
limitations and the use of composite materials will cause some discrepancy. Therefore the 
dynamic performance of the baseline and improved composite blades was investigated. 
4.5.1 Free Response 
The mass and stiffness data from the structures analysis was used by the free response section 
of the dynamics model (Section 3.4) to solve for the natural frequencies and associated fan 
plots. Due to the blade span and RPM differences between the target aircraft, the improved 
blade was analysed separately for the Kiowa OH-58A/C and Hiller UH-12L. Since stiffness 
and mass data for the Hiller hub is not available, the hub characteristics were assumed to be 
the same as for the Kiowa. Table 4-22, Table 4-23 and Table 4-24 present the calculated 
natural frequencies as well as data for the full-scale metal Kiowa blades. The out-of-plane and 
in-plane mode orientations are abbreviated OP and IP, respectively. Fan plots, which denote 
the proximity of the blade natural frequencies to integer multiples of blade RPM, are shown in 
Figure 4-55 through Figure 4-58 for the Kiowa OH-58A/C. Fan plots for the Hiller are 
presented in Appendix B. 
Based on data from Brogdon [61], the baseline scale blade was analysed with a collective 
pitch setting of 16 degrees and with upper and lower RPM limits of 1439 and 1064, 
respectively. For the improved composite blade the collective pitch setting was 19 degrees 
and the upper and lower RPM values were 1495 and 998 respectively. Both the baseline and 
improved blades operate at a normal RPM of 1239 when installed on the Kiowa, but the 
improved blade on the Hiller operates at 1295 RPM. These operating RPM values correspond 
to the natural frequency data presented in Table 4-22 through Table 4-24. Also, Brogdon [61] 
does not suggest a control system spring stiffness for the scissor mode, and therefore it will be 
assumed to be the same as for the collective (1.94x10
4
 Nm/rad). 
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Table 4-22 Predicted natural frequencies per rev – collective mode 
Mode 
Full Blade 
(Brogdon) 
Baseline Scale 
Blade 
Improved Scale 
Blade - Kiowa 
Improved Scale 
Blade - Hiller 
1
st
  OP 1.16 1.16 1.18 1.17 
2
nd
 OP 3.05 2.74 2.90 2.87 
3
rd
  IP (Torsion) 4.58 4.28 4.65 (Torsion) 4.51 (Torsion) 
4
th
  Torsion 5.96 5.00 5.42 5.28 
5
th
  OP (Torsion) 6.27 6.92 5.72 (Torsion) 5.51 (Torsion) 
Table 4-23 Predicted natural frequencies per rev – cyclic mode 
Mode 
Full Blade 
(Brogdon) 
Baseline Scale 
Blade 
Improved Scale 
Blade - Kiowa 
Improved Scale 
Blade - Hiller 
1
st
  OP 1.00 1.00 1.00 1.00 
2
nd
  IP 1.25 1.25 1.44 1.41 
3
rd
  OP 2.61 2.46 2.65 2.62 
4
th
  OP (Torsion) 5.07 4.46 (Torsion) 4.18 (Torsion) 4.10 (Torsion) 
5
th
  Torsion 5.39 5.00 4.69 4.63 
6
th 
OP (IP, Torsion) 6.54 6.18 (IP) 6.24 (Torsion) 6.04 (Torsion) 
Table 4-24 Predicted natural frequencies per rev – scissor mode 
Mode 
Full Blade 
(Brogdon) 
Baseline Scale 
Blade 
Improved Scale 
Blade - Kiowa 
Improved Scale 
Blade - Hiller 
1
st
  OP NA 1.14 1.16 1.16 
2
nd
  IP NA 1.29 1.54 1.49 
3
rd
  OP NA 2.75 2.91 2.87 
4
th
  Torsion NA 4.97 4.73 4.57 
5
th
  IP (Torsion) NA 6.12 5.43 (Torsion) 5.34 (Torsion) 
6
th  
Torsion NA 6.91 8.05 7.63 
If the baseline Mach scale composite blade was perfectly scaled from the full-scale Kiowa 
blade, the natural frequencies would be identical. As shown in Table 4-22 and Table 4-23 this 
was not the case. The discrepancy shown between the torsional modes, and modes that are 
heavily coupled to torsion, can be attributed to the differences in the blade centre of gravity. 
The centre of gravity could not be scaled identically because a metal erosion strip was not 
included on the baseline or improved scale blades. While the inclusion of an erosion strip 
would favourably influence the centre of gravity location, the manufacturing demands were 
deemed too complex for this MEng project. This resulted in the centre of gravity being further 
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aft than desired, and this has influenced the torsional blade response through the natural 
frequencies and with more of the higher modes being torsion dominated.  
While the mass and stiffness distributions of the baseline scale blade were closely matched to 
the full-scale Kiowa blade, the natural frequencies still differ for the lower flapwise and 
chordwise modes. This can be attributed to the small differences that do exist, and that unlike 
the full-scale blade model (Brogdon‟s model [61]) a large number of blade elements were 
used in the discretisation process.  
With respect to the frequency placement of the improved blade shown in Figure 4-56, Figure 
4-58 and Figure 4-60, in general there is good stability. In most cases the improved blade has 
better frequency placement than the baseline blade (Figure 4-55, Figure 4-57 and Figure 
4-59), but some of the higher torsion modes do intersect the rotor harmonic frequencies (5P 
and 6P) below normal RPM. This is not expected to be a problem for the experimental 
investigations since normal RPM will be maintained throughout the experiments. If an erosion 
strip had been included, as would be the case for a full-scale composite blade, it is possible 
that the higher torsional modes would not intersect with the harmonic frequencies. 
It is important to note that the upper and lower RPM bounds for the improved blade are 
spaced further apart than for the baseline blade to facilitate installation on either the Hiller or 
Kiowa. However, this demand for a greater operating range does not appear to be problematic 
in terms of natural frequency placement. In most cases where the natural frequencies cross the 
rotor resonant frequency, this would occur even if the RPM range was reduced. 
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Figure 4-55 Calculated collective mode fan plot for the baseline Kiowa Mach scale blade 
 
Figure 4-56 Calculated collective mode fan plot for the improved Kiowa Mach scale blade 
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Figure 4-57 Calculated cyclic mode fan plot for the baseline Kiowa Mach scale blade 
 
Figure 4-58 Calculated cyclic mode fan plot for the improved Kiowa Mach scale blade 
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Figure 4-59 Calculated scissor mode fan plot for the baseline Kiowa Mach scale blade 
 
Figure 4-60 Calculated scissor mode fan plot for the improved Kiowa Mach scale blade 
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As well as natural frequency placement, the free response model also computes relative 
flapwise, chordwise and torsional mode shapes based on a normalised tip deflection. For 
example, flapwise, chordwise and torsional mode shapes of the first in-plane cyclic mode 
frequency for the improved blade are shown in Figure 4-61. The in-plane mode is dominant 
and the finite hub stiffness is revealed by the fact that there is a relative chordwise 
displacement at the blade root. Figure 4-62 shows the second out-of-plane cyclic mode shape 
for the improved blade. The flapwise displacement is dominant but the blade is also deflecting 
in torsion, indicating that considerable coupling is occurring. Since the cyclic mode boundary 
conditions require the blade to be hinged flapwise, there is no relative flapwise deflection at 
the blade root. The mode shape plots are useful for validating the behaviour of the dynamics 
model, particularly the root constrains and coupling between modes. 
 
Figure 4-61 Predicted cyclic mode shapes – 1st in-plane natural frequency (improved blade) 
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Figure 4-62 Predicted cyclic mode shapes – 2nd flapwise natural frequency (improved blade) 
During the free response analysis it became clear that the hub and control system stiffness is 
very influential on the analysis outcome. The free response dynamics model assumes that the 
hub and control system is perfectly scaled from the Kiowa hub, but manufacturing constraints 
may influence this in the final whirl rig design (which is described in Chapter 6). It is 
therefore important to include a means of adjusting the spanwise and chordwise weight 
distributions in the blades should excessive vibration or dynamic instabilities occur. 
4.5.2 Forced Response 
The dynamics model was also used to generate blade loads for use in the structures stress 
analysis. The forced response analysis requires a blade lift and drag loading profile along with 
a load case that is representative of a critical flight condition. For this study the blade loading 
profile was assumed to be triangular beginning at the end of the root cut-out section and 
extending to the blade tip for both lift and drag loadings. The applied torsional moment was 
assumed to be the result of a 4% deviation of the airload from the pitch change axis, as well as 
the moment caused by the offset of the blade centre of gravity from the pitch change axis. 
Typical blade load outputs are shown throughout Section 4.4.8.  
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4.6 Chordwise Restraint 
Teetering rotor blades are rigidly restrained in the chordwise direction. The Kiowa OH-58A/C 
hub achieves this restraint via an integral latch bolt arrangement (Figure 4-2), and the Hiller 
UH-12L hub via a drag strut (Figure 2-18). To design a multi-platform blade that can be 
installed on either aircraft the attachment differences must be addressed.  
Designing a composite blade to interface to a drag strut (Hiller UH-12E/L system) is 
relatively simple and is described in detail by Braswell et al. [38]. This design utilises a small 
spar cap in the trailing edge of the blade which is connected to the main blade bolt via a metal 
brace. Designing a composite blade to interface to the integral latch bolt restraint system 
(Kiowa OH-58A/C system) is more challenging. This problem has been addressed by a 
number of authors including De Rosa [39], Hoffrichter [62], Brogdon [61], and Harderson 
and Blackburn [12]. However, no research was found on addressing both problems within the 
one design. The ensuing discussion details an innovative lead-lag restraint mechanism that 
interfaces to either a latch bolt or drag strut configuration, thereby presenting the possibility of 
attaching a single blade type to multiple aircraft.  
Firstly, to design the lead-lag restraint system, chordwise design loads must be defined. 
Chordwise loads arise from a number of sources including: 
 offset of the chordwise centre of gravity from the pitch change axis 
 pressure drag and skin friction 
 Coriolis effect due to blade flapping (only in forward flight) 
 coupling effects between the air and input loads. 
Based on the chordwise load results from Section 4.4.8.2 the critical chordwise load to be 
reacted is approximately 200 Nm both forward and aft (lead and lag). In hover the chordwise 
loads are assumed to be static, but in forward flight the loads oscillate as a function of blade 
position around the azimuth. These loads will be rigidly restrained by utilising a second pin 
located outboard of the blade bolt hole. In the case of the Kiowa OH-58A/C a fork is inserted 
between the spar caps to interface with the blade bolt, second outboard pin and the grip latch 
bolt (Figure 4-63).  
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Figure 4-63 Unique lead-lag restraint for the Kiowa OH-58A/C 
The concept presented in Figure 4-63 interfaces to the existing latch bolt arrangement on the 
Kiowa hub (Figure 4-2), and represents a suitable solution for reacting the in-plane loads. 
However, the lead-lag fork must be re-designed for use on the Hiller UH-12E/L. No single 
fork design can be used on both aircraft because of the different hub geometries. The solution 
proposed for the Hiller is shown in Figure 4-64 and features a composite boomerang design 
that interfaces to the outboard pin and drag strut. 
Based on the geometrical constraints of the internal blade, the distance from the blade bolt 
hole to the outboard pin was set to 65 mm (for the scale blades), resulting in an outboard pin 
limit load of 3.1 kN. With a safety factor of 1.5 the ultimate load requirement is 4.65 kN. To 
ensure the fork and boomerang will fit between the two spar caps the maximum thickness was 
set to 4 mm. Using this design data the Hiller and Kiowa root interfaces were designed and 
experimentally tested. 
 
Spar cap support block (or fid) 
Outboard pin hole 
Blade bolt hole 
Lead-lag fork 
Latch bolt 
interface 
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Figure 4-64 Unique lead-lag restraint for the Hiller UH-12E/L 
4.6.1 Kiowa Root Design 
The Kiowa fork design, shown in Figure 4-65, is secured in three locations including the 
blade bolt, outboard pin and grip latch bolts. The fork was initially constructed from 
carbon/epoxy prepreg using a four piece mould. The design was based on a COSMOSWorks 
(2007) FEM anisotropic elastic analysis using material data from a representative test plate. 
The FEM results indicated that all critical areas of the fork had sufficient margins of safety; 
however, this analysis only indicated the magnitudes of the principal stresses and not their 
orientation. The result was therefore misleading because as discovered later, the out-of-plane 
loads were critical despite being lower than the principal stress. 
Drag strut interface 
Lead-lag  
boomerang 
Spar cap support block (or fid) 
Outboard pin hole 
Blade bolt hole 
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Figure 4-65 Lead-lag fork design for the Kiowa OH-58A/C 
Two composite forks were manufactured for experimental testing. A test fixture was 
constructed and the forks were located and loaded by pinning the blade bolt hole, supporting 
the fork cuff (simulating latch bolts) and applying load to the outboard pin hole. High tensile 
steel bushes were pressed into the blade bolt hole and outboard pin hole to protect the 
composite material from the large bearing loads. Two forks were tested to failure under lead 
and lag loads. Figure 4-66 shows the experimental test setup for the lag loading condition. To 
simulate lead loading the fork was rotated 180 degrees and installed in the same fixture. 
However, the forks did not behave as anticipated and failed below the limit load (3.1 kN) at 
2.5 kN. Additional FEM was conducted to investigate the in-plane shear and through 
thickness tension loads in the cuff of the fork and it was discovered that stresses above the 
laminate allowables were being generated.  
Since the out-of-plane loads are critical, a composite fork is not suitable for this specific 
application. While failure was gradual, the low failure load is unacceptable. A high tensile 
(4140) steel fork was then designed and manufactured (Figure 4-67). This fork proved to be 
acceptable and capable of withstanding the design loads. 
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Figure 4-66 Experimental testing of the composite lead-lag fork 
 
Figure 4-67 Experimental testing of the steel (4140) lead-lag fork  
The steel fork was manufactured using an electron discharge machine and a CNC mill. 
Replaceable steel bushes were pressed into the fork and were reamed for a close tolerance fit. 
Due to the labour intensive manufacturing process, the steel forks were not tested to failure. 
However, they did demonstrate ultimate load bearing capability under both lead and lag loads 
without permanent deformation, and were therefore deemed to be suitable and safe for use 
within this research work. The final lead-lag fork design and interface with the root of the 
blade is shown in Figure 4-68. 
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Figure 4-68 (a) final Kiowa OH-58A/C lead-lag fork design and (b) interface with the blade 
4.6.2 Hiller Root Design 
For the Hiller root interface six basic designs were considered, from which a carbon/epoxy 
composite boomerang type design was chosen (Figure 4-69). The boomerang design must 
carry bending loads (as opposed to a truss type arrangement), but is a simple and non-
intrusive method of interfacing with a drag strut. The design was developed from iterations 
through COSMOSWorks with specific focus on the inner radius of the boomerang.  
 
Figure 4-69 Boomerang design for the Hiller UH-12E/L – Design 2 
(a) (b) 
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FEM analysis was performed on the boomerang design using material data from basic 
laminate theory, and experimental test data from individual unidirectional and fabric laminate 
test specimens. The static FEM anisotropic elastic analysis used solid tetrahedron elements 
with a dense mesh to represent the geometry of the boomerang design. The blade bolt and 
drag strut holes were pin restrained, and a bearing load was applied to the outboard pin hole. 
The results of the first FEM study are shown in Figure 4-70, and indicate the regions of the 
boomerang that are the most highly stressed and therefore are potential sites for failure. The 
FEM analysis was not detailed enough to predict the failure load and therefore two 
boomerangs were manufactured and tested to failure. 
 
Figure 4-70 COSMOSWorks FEM results for Hiller fork - Design 1 
A testing rig was constructed (Figure 4-71) and placed in a mechanical testing machine. The 
specimens were loaded to failure under lead and lag loads, and both failed in the same region 
(Figure 4-72). While this area was close to the predicted failure region it was actually further 
away from the inside radius than expected. Consequently there was room for a design 
modification to locally increase the cross-sectional area, and this was the justification for the 
shape of the second design (Figure 4-69). 
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Figure 4-71 Boomerang testing rig 
 
Figure 4-72 Failure zones of tested specimens – Design 1 
For the second design, two plies had to be removed to comply with the area limitations within 
the blade root. The material properties for both boomerang designs are given in Table 4-25. 
Two specimens of the second design were manufactured and loaded to failure. As shown in 
Figure 4-73 the failure zones moved into the inner radius, meaning the geometry was 
optimised. The test results for both boomerang designs are presented in Table 4-26. 
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Table 4-25 2-D Material data for the boomerang laminate 
Property Design 1 Design 2 
Elastic Modulus (GPa) (X) 43.1 31.1 
Elastic Modulus (GPa) (Y) 30.9 44.8 
Shear Modulus (GPa) (XY) 21.1 21.3 
Poisson‟s Ratio (XY) 0.28 0.28 
 
 
Figure 4-73 Failure zones of tested specimens – Design 2 
Table 4-26 Hiller UH-12E/L lead-lag restraint system test results 
 Design 1 Design 2 
Specimen Thickness (mm) 4.4 3.9 
Ultimate Load (kN) 4.65 4.65 
Specimen 1- Factor over 
Design Limit Load 
1.17 1.22 
Specimen 2 – Factor over 
Design Limit Load 
1.49 1.26 
The final boomerang design, while supporting the limit load of 3.1 kN, did not achieve the 
ultimate load of 4.65 kN. However, it must be noted that the chordwise input load is 
conservatively high since it is a result of assuming an infinitely stiff lead-lag fork
13
. In reality, 
the finite stiffness of the fork will cause elastic chordwise deflections. These deflections 
induce restoring moments (from coupling with the centripetal force) which act to reduce the 
                                                 
13
 The HSOFT value used in the dynamics analysis is only accounting for the finite stiffness of the hub. 
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chordwise loads. The FEM results indicate that the boomerang will deform up to 2 mm at the 
outboard blade pin under ultimate load and this could considerably lower the critical 
chordwise load. Therefore, for the purposes of this research work the second boomerang 
design was considered sufficient and will be used for the experimental blade testing. 
4.7 Conclusions 
Baseline and improved Mach scale composite rotor blades have been structurally, 
aerodynamically and dynamically designed. The improved blade was aerodynamically 
designed for a hover performance improvement through the efficient use of twist, taper and 
advanced aerofoils. The aerodynamics numerical model estimated that the improved blade 
will give a 6.1% power reduction for the Kiowa OH-58A/C and 11.4% for the Hiller UH-12L 
at the design point of 4000 ft and 35°C. While VNE should still be achievable, the stall 
margins in forward flight have been reduced and airframe vibration was predicted to increase. 
However, since the primary aerodynamic objective of this research work is to improve hover 
performance, the potential forward flight penalties were deemed acceptable.  
The structures numerical model was used to calculate the blade mass and stiffness 
distributions as well as spanwise margins of safety. The margins of safety were found to be 
positive at all locations across the blade and under all critical load cases. This indicates that 
the composite blades are likely to have an extended service life when compared to the metal 
blades of the target aircraft. Also, specific attention was given to the blade root lug design, 
and a bushing arrangement was developed that is suitable for a multi-platform blade. 
The free response dynamics model was used to investigate the blade natural frequencies. The 
results indicate that both the baseline and improved blade should be free of resonant 
conditions. Some exceptions do exist for the higher torsion modes, but this should not affect 
the experimental investigations. 
Finally, a unique lead-lag restraint system was designed whereby a second outboard pin is 
used with an internal fork (Kiowa OH-58A/C) or boomerang (Hiller UH-12E/L) to rigidly 
react the chordwise loadings. Both systems were successfully designed, fabricated and tested 
under representative loads. With the baseline and improved Mach scale composite blades 
designed, this data can now be used to manufacture prototype blades, and this is described in 
the next chapter. 
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CHAPTER 5 
MANUFACTURE OF MACH SCALE COMPOSITE 
BLADES 
Abstract 
This chapter covers the manufacturing of the baseline and improved Mach scale composite 
blades. The manufacturing methodology selected was based on the In-Mould Pressing 
technique, which can encompass a two-step or one-shot manufacturing process. The two-step 
method involves manufacturing the spar first and then bonding the spar to the blade afterbody. 
The one-shot process involves laying up the entire blade and curing in one step. Both methods 
were investigated, and while both produced satisfactory results, the one-shot process was 
found to be the preferred technique for producing Mach scale blades. 
SolidWorks was used to design the blade tooling, and a macro was developed for expediting 
this process. The macro automatically generated the male blade model from which the female 
mould halves could be constructed. Manufacturing the blade tooling involved a mass casting 
process, whereby aluminium powder and epoxy resin were used to produce the mould billets. 
The billets were then CNC machined to form the upper and lower mould geometries.  
Since the blade root must carry the highest loads in the blade, root sub-components were 
manufactured and examined to assess the integrity of the structure. As part of this, a layup 
process was developed that ensured repeatable and accurate blade root sections. The geometry 
of the Rohacell core was identified as being critical for developing the required internal 
mould pressure. Therefore, particular attention was given to the spar and afterbody core 
machining operations. 
Finally, the baseline and improved Mach scale blade manufacturing processes are presented, 
including curing and finishing operations. It was found that the one-shot manufacturing 
process for the improved blade required a considerably more complex layup process, but was 
the preferred method because it resulted in fewer moulds and halved the manufacturing time. 
In total, six Mach scale blades were manufactured of which two baseline and two improved 
blades were prepared for flight testing. 
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5.1 Manufacturing Methodology 
The manufacturing methodology used in this MEng project is based on the In-Mould Pressing 
process (reviewed in Section 2.2.2). In-Mould Pressing can be used for manufacturing 
composite blades using a two-step or one-shot cure process. In the two-step process, the blade 
spar is manufactured first and is then bonded to the blade afterbody in a subsequent operation. 
This approach allows for detailed visual and Non-Destructive Inspection (NDI) of the spar, 
which is the primary load-carrying member in the blade. This process improves quality 
assurance, but requires separate spar moulds and an additional cure cycle. The one-shot 
approach involves laying up the entire blade and curing in one step. In this case, the 
complexity of the layup increases and achieving adequate spar consolidation pressure is more 
difficult. Both techniques have been used successfully in industry and both were investigated 
in this research work. The baseline composite blade was manufactured using the two-step 
technique, and the improved blade was made using the one-shot process.  
The baseline composite blade manufacturing methodology is summarised in Figure 5-1 and 
Figure 5-2. The first step was to produce the spar, which consists of an outer torque wrap, 
upper and lower spar caps, inertia weights and a foam core (Figure 5-1). Once the spar was 
cured and inspected it was bonded to the blade afterbody. The afterbody consists of a foam 
core, blade skins, trailing edge fibre, film adhesive and trim tabs (Figure 5-2). 
The improved composite blade manufacturing methodology is summarised in Figure 5-3. 
First, the blade skins were installed into the upper and lower mould halves, followed by the 
full length spar-to-afterbody doubler and root torsion doubler. The spar outer torque wrap was 
then installed into the lower mould half followed by the lower spar cap. The spar core, film 
adhesive and blade weights were then added before the upper spar cap was installed. The 
afterbody core was then inserted along with film adhesive, trailing edge fibre and trim tabs. 
The upper mould half was then closed onto the lower mould half and the assembly cured in 
the same manner as the baseline blade. 
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Figure 5-1 Baseline blade spar manufacturing process adapted from ref. [16] 
 
Figure 5-2 Baseline blade afterbody bonding process adapted from ref. [16] 
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Figure 5-3 Improved blade one-shot manufacturing process adapted from ref. [16] 
To facilitate the In-Mould Pressing process, some additional equipment was manufactured by 
the author. Specifically, a press was designed and constructed for applying pressure to the 
blade moulds (Figure 5-4), and a spar fibre cutter was developed for accurately and repeatably 
cutting the unidirectional prepreg tape for the spar caps (Figure 5-5). Coiled copper tubing 
was included in each blade mould half for integral oil heating, and the cure cycle was set by a 
programmable temperature controller (Figure 5-4). 
  
Figure 5-4 (a) press with integrally heated moulds and (b) temperature control system 
(a) (b) 
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Figure 5-5 Semi-automated cutter for the unidirectional prepreg spar caps 
5.2 Tooling Design and Manufacture 
In industry, helicopter tooling for composite blades is typically made from Invar steel. Invar 
steel has a high nickel content giving it a very low coefficient of thermal expansion, which 
matches closely that of glass/epoxy and carbon/epoxy blade materials. However, raw material 
and machining costs are significant with this tooling approach, and for this MEng project an 
alternative was required. 
The tooling requirements for the scale blades included a 120°C temperature capability at 0.62 
MPa (90 psi), high dimensional tolerance, low coefficient of thermal expansion and the 
capability of making at least three blades
14
. Mass casting was selected as a suitable method of 
addressing these requirements, and is the process of mixing a suitable filler with resin; in this 
case aluminium powder and granules into an epoxy resin. By weight, the ratio of aluminium 
to resin was 2:1, where the aluminium component was evenly weighted with powder and 
granules. The cast billet was then machined in a single operation to give the final tool 
definition. While the coefficient of thermal expansion was high because of the aluminium, 
this compromise was deemed acceptable because of the relatively short mould lengths. 
The In-Mould Pressing process requires special tooling design considerations since the mould 
halves are not fully closed at the beginning of the cure cycle. Therefore resin, and more 
critically fibre, may be able to move into the mould mating planes, thereby preventing a full 
mould closure. Additionally, adequate locating pins, seals and draft angles should be 
included. These design considerations begin with the development of a male blade model. 
                                                 
14
 Three baseline and three improved blades must be made using two mould sets. 
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5.2.1 Blade Model 
SolidWorks 2007 was used to model the Mach scale composite blades. A macro was 
developed to expedite the modelling process. The GUI for this macro is shown in Figure 5-6. 
The macro automatically constructs the blade based on the given blade parameters. If a 
parameter needs changing, a new blade can be rapidly modelled with the updated changes. 
Using the data shown in Figure 5-6, SolidWorks produced the blade shown in Figure 5-7 in 
less than 30 seconds. From the male blade, moulds were then be manually modelled. This 
step, while simple for a user familiar with SolidWorks, would be difficult to convert into an 
automated macro. In preparation for machining, the female mould models were then imported 
into Mastercam (version X3) which generated the tool paths and code required by the CNC 
machine. 
 
Figure 5-6 SolidWorks blade creator macro 
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Figure 5-7 Automatically generated SolidWorks blade model 
5.2.2 Mould Manufacture 
Mass casting may be used in two ways; the casting material can be poured over a machined 
male plug or a solid billet can be formed which is then machined to net size. For this work, 
both methods were investigated. The first method was used for manufacturing the baseline 
blade spar moulds, while all subsequent moulds were manufactured by machining a solid 
billet of casting material. The latter method became preferred due to de-moulding difficulties 
experienced with the baseline blade spar moulds. 
A high temperature epoxy resin was sourced from Solid Solutions (Solid Cast 695) and was 
found to be suitable for mass casting. The resin was mixed with equal weights of aluminium 
powder and aluminium granules until the mixture was highly viscous yet still pourable. The 
mixture was then vacuum de-gassed to remove entrapped air prior to pouring. Any pin holes 
that were exposed after machining were small, and found to have a negligible effect on part 
quality. The mass casting process allowed for copper tubing to be included during the pouring 
process, which was later used to heat the moulds. Figure 5-8 shows the mass cast billet with 
the exposed copper tubing, just prior to the final pour. The final pour covered the copper 
tubing and formed the base of the billets. The billets were then cured at 90°C for one hour and 
post cured at 150°C for three hours to develop the high temperature performance of the 
moulds. 
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Figure 5-8  Mass cast billet with copper tubing 
After the billets were produced, a Fadal 8030 CNC machine was used to profile the mould 
halves, as shown in Figure 5-9. Due to the 3-D mould geometry, the machining time was quite 
high, taking at least 15 hours to produce one mould half. The finishing cut used a 3.175 mm 
(1/8 inch) ball nose cutter with a step-over increment of 0.015 mm. The resulting surface only 
required light sanding and polishing to achieve a suitable mould finish.  
 
Figure 5-9 CNC machining a mass cast billet to produce the improved blade upper mould 
half – finishing cut with 3.175 mm ball nose cutter 
For the baseline Mach scale blade, two spar mould halves and one spar compressor were 
made (Figure 5-10), two tooling aids for spar layup were produced, and two full blade moulds 
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including a root transition plug were machined (Figure 5-11). The improved composite blade 
only required two full blade moulds (Figure 5-12) and a root transition plug. The spar moulds 
were not required since a one-shot cure process was selected for the improved blade. Also, the 
spar layup for the improved blade was facilitated by the tooling aids made for the baseline 
blade. 
 
Figure 5-10 Baseline blade spar moulds 
 
Figure 5-11 Baseline blade full blade moulds 
Upper mould half 
Lower mould half 
Spar compressor 
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Figure 5-12 Improved blade moulds halves 
5.3 Root Consolidation 
One of the primary concerns with the chosen manufacturing technique was whether the 
consolidation of the plies in the root region would be sufficient. Pressure and temperature are 
required to properly consolidate a prepreg laminate, and while achieving the cure temperature 
is relatively simple, applying a constant and even pressure to the plies requires careful sizing 
of the Rohacell foam core. The foam core reacts against the mould closing force, thereby 
generating the internal pressure to consolidate the plies. In the root region there were at least 
70 unidirectional plies plus two outer torque wrap fabric plies. Sub-component testing was 
performed to assess the feasibility of consolidating this large volume of material with limited 
foam core thickness (approximately 4 mm).  
The sub-components were manufactured using a rectangular fibreglass mould to simulate the 
root end conditions. Root bushes were machined and the UD carbon/epoxy prepreg plies were 
wrapped around these bushes. The foam core was then added and the assembly cured in an 
autoclave at 0.62 MPa (90 psi) and 120°C for one hour. The layup and final result is shown in 
Figure 5-13. 
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Figure 5-13 (a) preform lay-up and (b) cured component 
Visually the parts were good, and under a microscope a cross-section of the root bushes 
revealed no major flaws in the consolidation. However, in making the root sub-components, a 
number of improvements were made to the manufacturing process. In particular, five 
removable components were introduced to ensure proper ply consolidation about the blade 
bushes, and to allow access for the lead-lag restraint system. These components are labelled 
as „Spacer Rings‟, „Spacer Plates‟ and „Consolidation Aid‟ in Figure 5-14.  
 
Figure 5-14 Exploded view of blade root components 
(a) (b) 
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5.4 Spar and Afterbody Core 
The blade core used for the baseline and improved blades was Rohacell WF71. The accuracy 
of the blade core profile was critical for developing sufficient internal mould pressure in the 
absence of vacuum and autoclave pressure. Therefore, if the core was not machined correctly, 
insufficient ply consolidation would result, potentially causing serious structural defects such 
as voids and skin-core disbonds. For this reason, the spar and afterbody core profiles were 
CNC machined in a clamping fixture, an example of which is shown in Figure 5-15. 
The afterbody and spar core were CNC machined approximately 3% oversize (as discussed in 
Section 2.2.2) from the internal cavity profile. For the blade spar, the core was machined 
untwisted, thereby allowing the machining to be done in a single operation (Figure 5-15). The 
low torsional strength of the foam material allowed the untwisted core to be forced into the 
correct blade profile. However, for the blade afterbody this process could not be allowed due 
to the resulting inaccuracy of the profile, and therefore the core was machined with twist. This 
was done using a jig and two machining operations for each side of the core. In total, the spar 
and afterbody core each required approximately 4 hours to machine. Including the machining 
of the root bushes, the total machining time required per blade was approximately 10 hours. 
 
Figure 5-15 Spar core CNC machining in a clamping fixture (improved blade) 
5.5 Baseline Blade Manufacture 
The baseline Mach scale composite blade was manufactured in a two-step process as shown 
in Figure 5-1 and Figure 5-2. An overview of the spar manufacturing and afterbody bonding 
operations is presented, including discussion of some of the challenges that were faced. 
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5.5.1 Spar 
Manufacturing the spar began with making the upper and lower spar caps. The UD prepreg 
used in the spar was cut into strips 3 m long and 7.5 mm wide using the spar fibre cutter 
described in Section 5.1. The prepreg was wrapped around the root bush on a spar tooling aid, 
as shown in Figure 5-16. At the root end, a triangular spacer block was included to facilitate 
wrapping around the root bush (Figure 5-16). Before the lower spar cap was installed in the 
lower female mould half, it was de-bulked and the outer torque wrap laid (Figure 5-17). 
Figure 5-17 also shows the spacer ring and spacer plate as described in Section 5.3. 
 
Figure 5-16 Spar cap layup using the lower spar tooling aid 
 
Figure 5-17 Baseline Mach scale blade lower spar cap and outer torque wrap 
Outer torque wrap 
Fid covered with 
film adhesive 
Unidirectional 
spar prepreg Spacer plate 
Spacer ring 
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Once the torque wrap and lower spar cap were installed, the spar core and inertia weights 
were added, as shown in Figure 5-18. To ensure the core was free of moisture, it was dried at 
100°C for 2 hours prior to use. Figure 5-18 also shows the unidirectional spar prepreg from 
the lower spar cap along the leading edge of the foam core. 
 
Figure 5-18 Baseline Mach scale blade spar core and tungsten inertia weights 
The upper spar cap was then placed on top of the foam core, as shown in Figure 5-19. One of 
the issues with this type of construction is that the uncured spar is considerably larger than the 
final part. This is shown clearly in Figure 5-19 at the root where the upper bush is 
approximately 5 mm above the mould surface. Closing the moulds without fibre and resin 
moving into the mating planes, proved to be challenging, and was subsequently addressed in 
the mould design for the improved blade.  
 
Figure 5-19 Baseline Mach scale blade completed spar layup (blade root) 
Tungsten inertia weight 
Unidirectional spar prepreg 
Spar core 
Torque wrap 
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After the upper spar cap was installed, the torque wrap was folded over the spar and trimmed 
at the trailing edge. The upper mould half was then added and locating pins and fittings 
installed. The spar was then cured in the press (described in Section 5.1) and during the cure 
the spar compressor bar was slowly forced into position. After de-moulding, the root spacer 
rings, plates and consolidation aid were removed (Figure 5-20). The spar was then lightly 
sanded and prepared for the afterbody bonding operation. 
One issue worth noting is that when the spar was de-moulded, it sprang back chordwise 
approximately 5 mm at the blade tip. This chordwise deformation remained present even after 
the spar was bonded to the afterbody, and was also observed when the improved blade was 
de-moulded. The springback is primarily attributed to the non-symmetric layup of the spar 
profile (chordwise). Additionally, the coefficient of thermal expansion difference between the 
aluminium moulds and the carbon fibre/epoxy spar, would cause residual stress in the blade 
which may also contribute to the observed distortion. This issue would need to be resolved for 
full-scale blades, but was acceptable for the purposes of this research work. 
 
Figure 5-20 Cured spar for the baseline Mach scale composite blade  
 
5.5.2 Afterbody Bonding 
The aerodynamic trailing edge was bonded to the spar using the moulds shown in Figure 
5-11. The interface between the spar and afterbody was achieved by extending a skin and 
doubler ply over the recess on the top and bottom of the spar. The skin then extended over the 
Spar recess 
Root bush 
Unidirectional spar caps 
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afterbody core to the trailing edge of the blade. Film adhesive was used to ensure a quality 
bondline between the spar and afterbody structure, as well as for improved peel stress 
performance and surface finish (Figure 5-21). The doubler ply was used to transition the stress 
between the spar and blade skins. The doubler ran the length of the blade, as shown in Figure 
5-21, and extended behind the back of the spar by 5 mm. 
 
Figure 5-21 Afterbody bonding operation 
At the trailing edge, a small strip of unidirectional prepreg was included to ensure correct 
chordwise stiffness and to provide a joining media between the top and bottom skins. This 
trailing edge material was split over and under the trim tabs to help secure the tabs. The upper 
mould half was then lowed onto the blade and the root transition plug was installed. The blade 
assembly was then cured in the press in the same manner as for the blade spar. Figure 5-22 
shows the Mach scale baseline blade after de-moulding. 
Doubler ply 
Spar 
Film adhesive 
Trailing 
edge prepreg 
Trim tab 
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Figure 5-22 Cured baseline Mach scale composite blade 
5.5.3 Finishing Operations 
A number of finishing operations were performed in order to prepare the blades for flight 
testing. First, the blade tips were trimmed to length and sealed by bonding on a carbon/epoxy 
tip cap. Tip weight pockets were also installed for fine tuning the spanwise balance of the 
blades, as shown in Figure 5-23 and Figure 5-24. The two inserts in the blade tip allowed for a 
coarse and fine tuning weight adjustment. Tuning weight pockets were also installed at the 
root of the blade for chordwise mass balance. 
 
Figure 5-23 Spanwise blade weight inserts 
Manufacture of Mach Scale Composite Blades 
209 
 
Figure 5-24 Carbon fibre/epoxy tip cap and weight pockets 
The outboard pin hole, used for the lead-lag restraint system, was bored by clamping the blade 
in a fixture and using a CNC machine to accurately locate, drill and ream the hole. A stainless 
steel 0.1 mm (0.004”) shim was then bonded to the upper and lower root bushes, to achieve an 
accurate thickness for installation into the blade grip. The final blade root configuration is 
shown in Figure 5-25, and features the integral lead-lag restraint system that is representative 
of the Kiowa OH-58A/C. 
 
Figure 5-25 Baseline Mach scale blade root configuration with integral lead-lag restraint  
When the blade tip was trimmed, the tip cross-sections were polished and photographed, as 
shown in Figure 5-26. In all cases the blade tip appeared to be well consolidated. In total, 
three baseline blades were manufactured and two were prepared for flight testing. The third 
blade was manufactured as a precautionary measure, for the case that one of the test blades 
was damaged. 
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Figure 5-26 Baseline Mach scale composite blade cross-section (94.3 mm chord) 
5.6 Improve Blade Manufacture 
The process by which the improved Mach scale composite blade was manufactured is shown 
in Figure 5-3. The blade was laid up and cured in a one-shot process, limiting the number of 
moulds required and significantly reducing the manufacturing time. However, the risk 
involved was higher, due to the complexity of the layup and difficulty in developing internal 
spar pressure. The following is an overview of the manufacturing process, including 
discussion of some of the challenges that were faced. 
First, the upper and lower blade skins were placed into each mould half (Figure 5-27). This 
resulted in the skins butt joining at the leading and trailing edges of the blade. This is not 
particularly favourable on the leading edge; however, on the full-scale blades the erosion strip 
would cover this join. On each skin the spar-to-afterbody doubler ply was added, as shown in 
Figure 5-27. This ply aided in transferring loads between the spar and the afterbody. 
 
Figure 5-27 (a) improved Mach scale blade lower skin and (b) spar-to-afterbody doubler 
(a) (b) 
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Next, a root doubler ply was added, as shown in Figure 5-28. This ply was used to carry the 
high torsional loads at the blade root and transition the loads into the grips. This doubler also 
facilitated the layup by encapsulating and closing the entire blade root.  
 
Figure 5-28 Improved Mach scale blade root doubler ply 
The outer spar torque wrap was then installed, along with the de-bulked lower spar cap. The 
spar was constructed in the same manner as for the baseline blade, except that the spar was 
installed directly into the full blade moulds. Therefore, special attention was given to the 
location of the rear spar wall such that there was sufficient room for the blade afterbody. Care 
was also required when folding and trimming the outer torque wrap, so that the spar was 
properly formed and located in the moulds. Finally, particular attention was given to ensure 
there was sufficient prepreg and film adhesive surrounding the inertia weights, such that 
suitable internal pressure was generated during cure. With the spar layup completed (Figure 
5-29), the blade afterbody was then installed. 
The afterbody of the blade was constructed in the same manner as for the baseline blade. This 
involved adding the afterbody core, film adhesive, trailing edge prepreg and trim tabs, as 
shown in Figure 5-30. The root doubler ply was then folded over the root of the blade (Figure 
5-30). At this stage the entire blade was de-bulked before the upper mould half and root 
transition plug were installed. The blade was then cured in the press in the same manner as for 
the baseline blade.   
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Figure 5-29 Completed spar layup for the improved Mach scale blade  
 
Figure 5-30 Improved Mach scale blade afterbody construction including (a) trim tabs, 
trailing edge prepreg and (b) upper film adhesive and folded root doubler ply 
The entire layup process took one person approximately 18 hours over two days. However, 
although a more complex layup process than for the baseline blade, this one-step 
manufacturing technique became the preferred method because it required fewer moulds and 
halved the total manufacturing time. 
 
(a) (b) 
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After de-moulding the blade tip was trimmed to length. The resulting tip profile cross-section 
is shown in Figure 5-31, and represents a VR14 aerofoil profile. Subsequent finishing 
operations included the bonding of a tip cap and boring of the outboard pin hole. Without a 
facility for including blade tip or root weight, an alternative spanwise and chordwise balance 
method was required. Spanwise balance was achieved by adding weight to the grips (Figure 
5-32), and chordwise balance was adjusted by installing weights on the mast balance wheel. 
The attachment method of the improved blade to the grips is presented in Figure 5-32. As 
shown, the improved blade utilised the composite boomerang to interface with a drag strut, 
and this is representative of the Hiller UH-12E/L configuration. In total, three improved 
blades were manufactured and two were prepared for flight testing. The third blade was 
manufactured for the case that one of the test blades was damaged. 
 
Figure 5-31 Improved Mach scale composite blade tip cross-section (60 mm chord) 
 
Figure 5-32 Improved Mach scale blade root attachment with a drag strut lead-lag restraint 
5.7 Cure Cycle 
The cure cycle was common to the baseline blade spar and afterbody bonding operations, as 
well as for the improved blade. In all instances, part quality was highly dependent on the cure 
Spanwise mass 
balance plate 
Drag strut 
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parameters. It was therefore essential that sufficient heat and pressure was applied throughout 
the cure duration. The internal pressure developed was difficult to quantify with the In-Mould 
Pressing process. However, experimental data from Evonik Degussa (Figure 2-13) suggests 
that it is possible to develop up to 0.62 MPa (90 psi). This is highly dependent on the core 
geometry and the cure cycle. The surface quality of the final part always provides a rough 
indicator of the pressure conditions, and for each blade that was manufactured, it appeared 
that sufficient pressure was generated in the moulds. 
The cure cycle used for the baseline and improved Mach scale blades is presented in Figure 
5-33. The values presented are approximate, particularly the maximum internal pressure 
value, which is assumed to be 0.62 MPa (90 psi). It is worth noting that at 65°C the upper and 
lower mould halves were closed and at 75°C the rear spar compressor or root block was fully 
located in the moulds.  
 
Figure 5-33  Approximate cure cycle for the baseline and improved Mach scale blades 
5.8 Quality Control 
After de-moulding, each Mach scale blade was visual inspected to assess the condition of the 
blade, and to make note of any surface irregularities. A tap test along the bondline (spar-to-
afterbody line) was performed to reveal any major disbonds or voids. Finally, each blade was 
statically deflected spanwise to ensure the blade had suitable flapwise stiffness. Blade 
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manufacturers normally perform an aerofoil contour check, twist check, and inspect the 
blades with NDI methods such as X-ray and ultrasonic inspections. However, the facilities 
required to perform these quality control checks were not available for this research work. 
5.9 Weight Breakdown 
The weight of individual blade components were measured or calculated (from the structures 
numerical model), and are presented in Table 5-1. Only an estimate of the film adhesive 
weight was made, since a considerable amount flashed into the mating planes during the cure 
cycle. The final baseline blade weight, including the lead-lag fork, was measured to be 1.207 
kg, which is in close agreement with the total given in Table 5-1. The improved blade weight 
was measured at 1.047 kg, which is inclusive of the boomerang lead-lag restraint system, and 
again shows reasonable agreement with the data in Table 5-1. 
Table 5-1 Baseline and improved Mach scale blade weight breakdown 
Component 
Weight 
Measured/Calculated 
Baseline Blade 
Component Mass (g) 
Improved Blade 
Component Mass (g) 
UD Spar and TE Prepreg Calculated 211 159 
Skins and Outer Toque Wrap Calculated 185 193 
Film Adhesive Calculated 100 100 
Fids (two) Measured 28 24 
Spar Core Measured 20 20 
Afterbody Core Measured 44 44 
Inboard Inertia Weights Measured 103 155 
Mid Inertia Weights Measured 190 200 
Outboard Inertia Weights Measured 126 64 
Tip Cap Calculated 1 1.5 
Root Sealant Measured 1.3 1.3 
Outboard Pin Measured 6 5 
Outboard Pin Bushes (two) Measured 1.8 1.8 
Root Bushes  (two) Measured 41.0 29.4 
Blade Bolt Bushes (two) Measured 12 9 
Trim Tab Outboard Measured 2.1 2.1 
Trim Tab Inboard Measured 3.3 3.3 
Steel Lead-Lag Fork Measured 130 0 
Boomerang Lead-Lag Restraint Measured 0 27.1 
TOTAL  1205.5 1039.5 
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5.10 Conclusions 
The Mach scale composite blades were produced using a manufacturing methodology based 
on the In-Mould Pressing process, which is widely used in industry to produce composite 
rotor blades. Two manufacturing methods were investigated. In the first method, the baseline 
blades were produced via a two-step process, whereby the spar was manufactured first and 
was subsequently bonded to the afterbody of the blade. The improved blades were 
manufactured using a one-shot process whereby the entire blade was laid up and cured in a 
single process. This latter method, while requiring a more complex layup, was the preferred 
manufacturing technique since it required fewer moulds and halved the manufacturing time. 
To facilitate the construction of both blade types, a press and spar fibre cutter were designed 
and manufactured. Moulds were designed in SolidWorks and manufactured from a mass 
casting process, with the casting media being aluminium powder/granules and epoxy resin. 
The billets were then CNC machined to produce upper and lower female mould halves. The 
CNC machine was also used to cut the spar and afterbody core profiles of each blade. In total, 
six Mach scale composite rotor blades were manufactured, four of which were prepared for 
flight testing (Figure 5-34). The next chapter examines the experimental test setup and 
presents the performance results of the baseline and improved Mach scale composite blades. 
 
Figure 5-34 Baseline and improved Mach scale composite blades ready for flight testing 
 217 
CHAPTER 6 
EXPERIMENTAL ANALYSIS OF MACH SCALE 
COMPOSITE BLADES 
Abstract 
This chapter covers the experimental hover testing of the baseline and improved Mach scale 
blades to assess their performance characteristics. The major constructional features of the 
whirl rig are discussed, including the hub arrangement and interface to the Mach scale blades. 
With the blades installed in the grips, blade alignment and static balancing is described. Also, 
with the blades and hub installed on the whirl rig, blade tracking and dynamic balancing 
procedures are discussed. To measure the blade performance a wireless data acquisition 
system was developed. Stationary circuitry was used to measure lift, blade pitch, RPM and 
local air density conditions, and rotating circuitry measured mast torque, grip loads and pitch 
link loads. A computer-based program was developed for recording and analysing the 
wireless signals. 
The results for the baseline and improved Mach scale composite blades are given and 
compared to the theoretical predictions through a validation study. While potentially 
significant error sources are identified and assessed, the close agreement between the 
experimental and theoretical data verifies the ability of the aerodynamics model to predict 
hover performance. It is concluded that a full-scale version of the improved composite blade 
would result in 4.9% and 9.5% less power required to hover OGE at the design point of 4000 
ft and 35°C for the Kiowa OH-58A/C and Hiller UH-12L, respectively. It was found that 
while a multi-platform composite blade solution for the Kiowa OH-58A/C and Hiller UH-
12E/L is feasible, the hub bending moments and exact rotational inertia requirements demand 
further investigation. 
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6.1 Whirl Rig Construction 
A whirl rig was constructed by the author for testing the Mach scale blades, and is shown in 
Figure 6-1. The rig was powered from the drive train of a Toyota Hilux vehicle. The rear 
drive shaft was connected into a differential mounted at right angles, to send drive vertically 
through the vehicle tray. The drive was then connected to the mast through the use of a 
balanced and self tensioning pulley system. Testing revealed that the drive system was 
capable of transferring approximately 16 kW, with belt slip being the limiting factor. The 
pulley sizes were selected such that, when the vehicle engine RPM was approximately 3000, 
the normal rotor RPM was achieved (1239). This ensured considerable spacing between the 
vehicle vibrations and integer multiples of the rotor RPM. 
 
Figure 6-1 Mach scale blade whirl rig 
The rig included a controllable swashplate that was adjusted by three electric actuators 
(Figure 6-2). The control rods from the swashplate passed through the centre of the mast, 
thereby allowing for a simpler swashplate design when compared to most conventional 
systems. These rods passed out the top of the mast and were secured by two banana plates 
(Figure 6-3). The pitch links were also attached to these plates and at the opposite end were 
connected to the pitch horn.  
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Figure 6-2 Whirl rig swashplate for full cyclic and collective control capability 
 
Figure 6-3 Whirl rig pitch control system 
The whirl rig head structure was geometrically scaled from the Kiowa OH-58A/C, and the 
key features of the head assembly are presented in Figure 6-4. The mast connected to the head 
assembly through a trunnion, which interfaced with the pillow blocks. The pillow blocks 
connected to the yoke and allow the head assembly to flap about the central hinge. The grips 
then attached to the yoke through an arrangement of thrust and roller bearings. The head 
assembly also facilitated both the integral and drag strut lead-lag restraint systems, such that 
Pitch horn 
Pitch link 
Banana plate 
Swashplate 
Electric actuators 
Control rods 
Control rods 
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the Kiowa OH-58A/C and Hiller UH-12E/L blade configurations could be tested. Finally, on 
top of the mast, a balance wheel was mounted such that the head and mast assembly could be 
dynamically balanced prior to the installation of the rotor blades. The balance wheel also 
provided chordwise mass balance for the improved Mach scale blades. 
 
Figure 6-4 Whirl rig head assembly 
The mast was strain gauged for measuring torque as shown in Figure 6-5. The torque data was 
calibrated using a suitable torque wrench. The lift transducer setup is shown in Figure 6-6 and 
the transducers were calibrated by lifting the whirl rig with a crane that had digital scales.  
 
Figure 6-5 Mast strain gauge for measuring torque 
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Pillow block 
Balance wheel 
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Figure 6-6 (a) purpose built lift transducer and (b) their location in the whirl rig  
6.1.1 Data Acquisition 
Measuring and recording blade lift loads, RPM and mast torque was required for validating 
the aerodynamics hover model (see Section 3.2). To accomplish this, the author developed a 
wireless data acquisition system that was specific to the requirements of this research work. 
The data acquisition system included circuitry on stationary and rotating reference frames. 
Data recorded by the stationary circuitry included lift loads, RPM and control system 
displacements. The rotating circuitry measured torque, grip loads and pitch link loads. Data 
from both sources were wirelessly received, analysed and presented real-time by a computer-
based program. 
The data acquisition hardware included: 
 two Create USB Interface (CUI) boards – 12-bit analogue to digital (AD) converter 
 two Bluetooth modules (Class 1 Gold) – attached to the CUI board 
 three bridge completion, amplification and filter boards 
 step-up power board to transfer 5V into the CUI 
 strain gauges and wiring. 
Lift 
transducers 
(a) (b) 
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To provide commonality, the stationary and rotating data acquisition circuits were based on 
the same system architecture, which is presented in Figure 6-7. The signal conditioning circuit 
boards contained the top three sections, namely the Wheatstone bridges (one or two arms of 
which were the strain gauges), amplifiers (gain block) and filters. The CUI board (12-bit AD 
converter) was separate and the Bluetooth module was mounted on this board. The CUI 
buffered four data points, packaged these together and sent them wirelessly at a rate of 50 Hz, 
thereby effectively achieving a 200 Hz sampling rate. 
 
Figure 6-7 Data acquisition flow diagram 
The gain block consisted of a single instrumentation amplifier INA128 per channel. This chip 
proved to be a low noise precision amplifier suitable for the requirements of blade data 
acquisition. The output of the amplifier then entered the low pass filtering block which 
consisted of an OPA2340 amplifier. The low pass cut-off frequency was selected by 
specifying the values of two capacitors and two resistors as shown in Figure 6-8. FilterLab 2.0 
was used to design the low pass Sallen-Key filter. 
 
Figure 6-8 Low pass Sallen-Key 2
nd
 order filter 
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The cut-off frequency of the low pass filter can be calculated by: 
 
     
 
              
 (6.1)  
The resistors, R1 and R2, and capacitors, C1 and C2, were chosen such that inclusion or 
exclusion of two capacitors could change the cut-off frequency from 8.2 Hz to 26 Hz, thereby 
simulating the minimum cut-off frequencies for hover and forward flight respectively.  
6.1.1.1 Rotating Circuitry 
While the CUI had capacity for measuring thirteen analogue channels, only four of these were 
used on the rotating circuitry (Figure 6-9). One channel was used to measure pitch link loads, 
another for torque measurement, and two channels to measure grip loads. 
 
Figure 6-9 Rotating data acquisition circuitry 
6.1.1.2 Stationary Circuitry 
The stationary data acquisition circuitry, mounted on the whirl rig, made use of eleven data 
channels (Figure 6-10). Eight of these were for measuring strain data from the lift transducers 
and three channels were used for determining the control system actuator positions. The 
circuit also measured signal pulses from a purpose built RPM sensor (Figure 6-11). 
Signal conditioning board 
CUI board 
Bluetooth 
module 
Experimental Analysis of Mach Scale Composite Blades 
224 
 
Figure 6-10 Stationary data acquisition circuitry and actuator control system 
 
Figure 6-11 Phototransistor RPM sensor mounted adjacent to the whirl rig mast 
6.1.1.3 Software Design 
A computer-based program was developed by the author to receive, display and record the 
Bluetooth signal data from the stationary and rotating data acquisition systems. The software 
analysed and presented both sets of data on a single GUI, as shown in Figure 6-12. 
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Figure 6-12 Program GUI used during the experimental testing of the Mach scale blades 
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6.2 Blade Alignment and Static Balancing 
When the blades were attached to the rotor head, they were aligned and statically balanced. 
Chordwise blade alignment can be achieved a number of ways, but for this application the 
string method was selected. With the blades at flat pitch, a string was run from the quarter-
chord location at one blade tip to the same point on the opposite blade. Special tools were 
machined that fitted into the blade bolt holes and when the string touched both tools 
simultaneously, the blades were aligned (Figure 6-13).  
 
Figure 6-13 Blade alignment using the string method for the improved Mach scale blade 
After alignment, the rotor assembly was statically balanced using a Marvel balancer (Figure 
6-14). Weights were added spanwise and chordwise until the floating lower half of the Marvel 
structure aligned concentrically with the upper half. Static balancing was performed with the 
blades at flat pitch and level with respect to the trunnion. 
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Figure 6-14 Static balancing the baseline Mach scale blades on a Marvel balancer 
6.3 Blade Track and Dynamic Balancing 
Once the blades were aligned and statically balanced, they were installed on the whirl rig and 
spun. At normal RPM (1239) tests were performed to assess whether the blades were flying in 
track and if they were dynamically balanced. These tests were carried out using a Chadwick 
Vibrex 2000. First, the blades were checked for track to ensure that each blade traced out the 
same Tip Plane Path (TPP). If one blade was found to be flying higher than the other, 
adjustments to the pitch links or trim tabs were made. Track tests were performed using a 
strobe light that pulsed at the blade RPM frequency, such that light was reflected off the 
markers that were placed on the blade tips (Figure 6-15). When the markers were correctly 
aligned, the blades were flying in track.  
Dynamic balancing involved measuring the outputs of the lateral and vertical velocimeters 
that were mounted on the whirl rig. The Chadwick outputs vibration in inches per second 
(ips), and for this application the vibration limit was set to 0.05 ips
15
. The Chadwick reports 
vibration magnitude and clock angle with respect to the RPM sensor. From this data, 
adjustments can be made by either sweeping a blade or adding chordwise or spanwise tuning 
weight. 
                                                 
15
 For the Kiowa OH-58A/C the main rotor vibration limit is 0.2 ips. 
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Figure 6-15 Strobe light reflecting off the blade tip marker to determine blade track 
6.4 Mach Scale Blade Testing Method 
A testing method was developed based on operational experience with the whirl rig. The 
testing method ensured repeatable measurements were taken at each collective pitch level, and 
was successfully used for testing the baseline and improved Mach scale blades. The testing 
method is presented in the form of a flow chart, given in Figure 6-16. It is assumed that the 
whirl rig is already properly located and levelled.  
The testing method was repeated three times for each collective pitch setting. From the three 
datasets recorded, the lift and power level determined for a particular collective pitch setting 
was based on an average of at least 12,000 data points, which represents approximately 30 
seconds of data recording. The blades were tested throughout the full pitch range until the 
power was limited by the belt drive. 
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Figure 6-16 Mach scale blade testing method
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6.5 Sources of Error 
It is important when performing experimental investigations to understand the sources of 
error, and their potential influence on the experimental findings. The testing performed for 
this research work involved many sources of error. Firstly, dynamic blade twist can 
significantly influence the experimental findings, as discussed by Prouty [59]. While every 
effort was made to replicate the torsional stiffness of the Mach scale blades to their full-scale 
counterparts, some difference is likely to exist. In this case, the torsional stiffness difference 
could, under centripetal and aerodynamic loading, result in a different rotating twist 
distribution when compared to the full-scale blade. Torsional loads are primarily present from 
centripetal flattening (or the so-called “tennis racquet effect”), aerofoil pitching moments and 
any offset of the aerodynamic centre with respect to the blade flexural axis. If these loads 
dynamically alter the blade twist distribution, the aerodynamic performance of the blades can 
be significantly affected. Monitoring the pitch link loads will provide an indicator as to 
whether this source of error is significant for the Mach scale blades. 
Blade Vortex Interaction (BVI) is another source of potentially significant error and is also 
discussed by Prouty [119]. Blade tip vortices normally proceed downward with the rotor 
wake, but due to wake contraction and interaction with other vortices, in some situations they 
can be buoyed back up such that they impinge on the next blade (Figure 6-17). This locally 
causes a large change to the angle of attack and thereby affects the lift and drag conditions at 
the blade tip, which has a significant impact on the overall rotor performance. Since BVI is 
sporadic, a large amount of data is required to make statistically sound conclusions about the 
performance of the rotor in hover.  
Prouty [119] provides example hover data from a full-scale hover test of a McDonnell 
Douglas MD530N (five blades). The aircraft was tethered to the ground, and power and lift 
data were recorded throughout the full collective pitch range. The data shown in Figure 6-18 
displays considerable scatter, in the order of 5% for both thrust and power, and Prouty 
attributes this to BVI. For this research work BVI was a potential source of error. However, it 
was judged that because a two-bladed rotor system was used at relatively low disc loadings, 
BVI error would be minimised. 
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Figure 6-17 Blade Vortex Interaction causing local changes to the blade angle of attack [59] 
 
Figure 6-18 Full-scale MD530N hover performance data showing considerable scatter [119] 
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Since the whirl rig operated outdoors, it was susceptible to the local weather conditions. In the 
MD530N hover study, the tests were only performed when local wind conditions were below 
3 knots. This threshold was also applied for the operation of the whirl rig. Also, the local 
density conditions must be recorded real-time, such that the absolute lift and power readings 
can be non-dimensionalised using accurate density data. A local weather data logger was 
connected to the data acquisition system to provide humidity, temperature and pressure 
readings. From this information, density was calculated and recorded real-time alongside the 
other outputs from the whirl rig data acquisition system. 
The accuracy of the lift and torque data recorded was directly proportional to the resolution 
and drift of the sensors. The influence of sensor noise was more prominent at the lower thrust 
and torque levels, where the sensor error was a larger percentage of the absolute measurement 
values. As more pitch was introduced and the lift and torque values increased, the circuit 
noise became less significant. However, sensor output drift was observed and in some cases 
was significant. Output drift becomes apparent when, after testing, the sensor outputs do not 
return to zero. Therefore, the testing procedure involved selecting the desired pitch setting, 
operating the whirl rig to obtain that data point, and then shutting down the whirl rig (Figure 
6-16). This resulted in a short operating time and therefore the sensor drift was minimised. 
Sensor calibration was critical for the accuracy of the strain measurements. The torque sensor 
was calibrated using a torque wrench applied to the pulley nut on the mast. The torque wrench 
was recently calibrated, and the calibration report indicated that at each measurement interval, 
the wrench was accurate to within 0.5% of the stated value. This immediately introduced 
0.5% error into the data acquisition system, but for the purposes of this work, this error was 
deemed acceptable. Similarly, the lift sensors were calibrated using a crane with digital scales 
to lift the whirl rig. The digital scales were calibrated and accurate to within ±1 kg. This error 
was also considered acceptable for the experimental investigations. 
The lift sensors were installed mid-way up the whirl rig structure (Figure 6-6), and therefore 
the thrust measurements were slightly lower than what the rotor system was generating 
because of the impingement of the rotor wake on the whirl rig. Figure 6-19 shows the 
structures immediately below the rotor system. However, the surface area was relatively small 
and would only contribute to a marginal vertical drag. Therefore, for the purposes of the 
experimental investigation, the thrust output of the lift sensors was not adjusted for the 
vertical drag load. 
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Figure 6-19 Whirl rig surface area contributing to vertical drag from the rotor wake 
Finally, the blades of the whirl rig operated at 2.5 m above the vehicle tray. This equated to 
0.81 times the rotor diameter, and therefore ground effect may have influenced the 
performance data. Additionally, the roof of the vehicle may have disturbed the rotor wake 
across the front of the disc. Quantitatively accounting for these effects was difficult because 
part of the rotor wake could pass below the sides of the vehicle, in which case the disc was 
approximately 1.2 times higher than the ground. However, since both the baseline and 
improved blades operated under the same conditions, any relative performance improvement 
would still be valid. Furthermore, any marginal performance increase, caused by ground 
effect, would likely offset the performance penalty of the rotor wake impingement on the 
whirl rig structure. 
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6.6 Testing Results and Numerical Model Validation 
The baseline Mach scale composite blades were tested first. Data points were recorded up to a 
thrust coefficient of 3.55x10
-3
, with belt slip limiting the collective pitch that could be applied. 
The maximum thrust generated was below the MTOW point for the design condition of 4000 
ft and 35°C (4.18x10-3), but did cover the MTOW at sea level. For each collective pitch 
setting, at least three runs were performed and recorded, and the coefficient of variance was 
found to be approximately 1% in both thrust and power. The recorded data is presented in 
Figure 6-20 and shows close agreement with the theoretical predictions of the aerodynamics 
hover model. 
The improved Mach scale composite blades were then tested, and a slightly modified drive 
belt arrangement allowed for higher thrust coefficients to be achieved. Again, at least three 
data points were recorded for each collective pitch setting, and the coefficient of variance was 
observed to be within 1% for thrust and power. The results are presented in Figure 6-20 and 
again show very close correlation to the predictions of the aerodynamics hover model 
(Section 3.2). It should be noted that the MTOW points specified in Figure 6-20 include a 
vertical drag of 4% to account for the representative fuselage drag on the full-scale aircraft. 
Additionally, the small thrust coefficient difference between the MTOW points is due to the 
slightly smaller rotor span of the improved blade, when installed on the Kiowa hub. 
Figure 6-20 was not standardised to thrust-weighted solidity because, as discussed in Section 
4.3.1.3, the stall margins of the improved blade have not been compromised by the new 
aerodynamic geometry. Therefore, part of the performance improvement can be attributed to 
the lower thrust-weighted solidity of the improved blade. However, Figure 6-21 shows the 
FM distributions for the baseline and improved blades, normalised to thrust-weighted solidity, 
and the improved blade still shows a considerable efficiency improvement.  
The experimental results are representative of the expected performance of the Kiowa OH-
58A/C and give confidence in the ability of the aerodynamics numerical model to predict 
hover performance. While numerous sources of error have been identified, the data still 
correlates well with the theoretical predictions. This may be because the influence of the 
errors is small or the cumulative effect is negligible. In either case, because the testing 
conditions were identical for each blade type, at the very least, the relative performance 
advantage of the improved blade over the baseline blade is indisputable. 
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Figure 6-20 Experimental results for the baseline and improved Mach scale composite blades and a comparison to the theoretical predictions 
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Figure 6-21 Experimental and theoretical Figure of Merit results as a function of blade loading coefficient using thrust-weighted solidity
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13
Fi
gu
re
 o
f 
M
e
ri
t
CT / σtw
Theory
Baseline
Improved
MTOW AT SEA LEVEL ISA
MTOW AT 4000 ft 350C
Experimental Analysis of Mach Scale Composite Blades 
237 
6.6.1 Reynolds Number and Mach Number Effects 
The MTOW points specified in Figure 6-20 are based on the thrust coefficient values from 
Table 4-11. However, it is found that when these points are added, the corresponding power 
coefficients result in a performance advantage of the improved blade that is lower than 
expected. This finding demands further investigation into the behaviour of the aerodynamic 
hover model. 
It was found that the non-dimensional theoretical data was actually influenced by the density 
value used in the analysis. As density varies so too does the local Reynolds number, and 
therefore aerofoil performance is affected. XFoil was the aerofoil performance program used 
by the numerical model, and this computed that under most conditions when the Reynolds 
number reduces, the profile drag of the aerofoil increases, while there is only a marginal 
increase in the lift coefficient. The net result is that for a reduced Reynolds number, there will 
be a lower lift-to-drag ratio. Therefore, for a given collective pitch setting, different operating 
densities will give slightly different lift and power coefficients. This was the reason that two 
performance plots were given in Figure 4-23 and Figure 4-24, for the two different density 
altitudes. 
The second issue that may have affected the result is that the blades were „velocity scaled‟ not 
„Mach scaled‟. This is because the blade RPM was maintained for all temperature conditions, 
so when temperature changed, the effective Mach number also changed. If the hover Mach 
number is defined under sea level ISA conditions, on a 35°C day the blades would have to be 
spun 42 RPM faster to maintain the tip Mach number.  
These potential problems concur with the observations of Abbott and Von Doenhoff [120 
p.81], who state that “the two most important factors that are neglected in defining the 
coefficients [lift, drag and moment coefficients] are effects associated with the 
compressibility [Mach number] and viscosity of air [Reynolds number]”. Nevertheless, 
because the average density and temperature conditions of the experimental testing days were 
used in the hover model, and the results show a close correlation to the experimental data, the 
author has confidence that the numerical model is accurate and valid. However, an 
unavoidable consequence of Mach scaling is that the full-scale blade Reynolds numbers 
cannot be replicated due to the blade chord length difference. Therefore, it is likely that when 
the improved blade is scaled up, different performance will be measured when compared to 
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the scale blades. Therefore, before any definitive conclusions are given, the aerodynamics 
hover model must be used to predict the performance of the full-scale versions of the baseline 
and improved blades. 
6.6.2 Prediction of Full-Scale Baseline and Improved Blade Performance 
The focus of this MEng project is to develop a multi-platform composite blade for the Kiowa 
OH-58A/C and Hiller UH-12E/L. A Mach scale blade study was used to facilitate this 
investigation, but the objective is ultimately to provide a full-scale solution. Therefore, the 
aerodynamics hover model was used to predict the performance of the full-scale baseline and 
improved blades when installed on the target aircraft. For the analysis, the MTOW was set at 
1451.5 kg and 1587.6 kg for the Kiowa and Hiller respectively, and for both aircraft a vertical 
drag of 4% was applied. The blades were discretised into 75 spanwise elements and the 
collective pitch was adjusted until MTOW was achieved. The results are presented in Table 
6-1 and Table 6-2, and do not include tail rotor or transmission power losses. 
Table 6-1 Full-scale Kiowa OH-58A/C performance prediction 
Operating Condition 
Kiowa Metal 
Blade (kW) 
Improved Composite 
Blade on the Kiowa (kW) 
Improvement % 
Sea Level ISA 170.5 162.7 4.6 
4000 ft and 35°C 184.0 175.0 4.9 
Table 6-2 Full-scale Hiller UH-12L performance prediction 
Operating Condition 
Hiller Metal 
Blade (kW) 
Improved Composite 
Blade on the Hiller (kW) 
Improvement % 
Sea Level ISA 206.5 185.7 10.1 
4000 ft and 35°C 220.4 199.5 9.5 
The influence of the Reynolds number is significant, and has reduced the performance 
advantage of the improved blades. While the higher Reynolds numbers did increase the lift-
to-drag ratio of the improved aerofoils, the margin to the NACA 0012 aerofoil and Hiller UH-
12L aerofoil, was reduced. This highlights one of the limitations in using a Mach scale blade 
study to predict full-scale blade performance.  
It can be concluded that the improved scale composite blade will result in 6.1% and 11.4% 
less power required to hover OGE at 4000 ft and 35°C for the Kiowa OH-58A/C and Hiller 
UH-12L, respectively. However, if the aerodynamic geometry of the improved blade was 
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scaled up to produce a full-scale composite blade, at the design point, hovering OGE would 
require 4.9% and 9.5% less power for the Kiowa and Hiller, respectively. The research 
objective of designing an improved composite blade that gives a 5% reduction in power 
required to hover OGE at the design point, has nearly been achieved for the Kiowa OH-
58A/C, and has been considerably exceeded for the Hiller UH-12L.  
6.7 Discussion 
The validation study presented in Section 6.6 shows that the improved composite blade will 
provide a significant hover performance advantage to both target aircraft. However, it is also 
worthwhile to briefly discuss other aspects of the experimental testing phase that could impact 
on the full-scale blade design and operation. Specifically, pitch link and grip load data were 
recorded throughout the investigations, and provided valuable information as to the 
aerodynamic and structural behaviour of the blades. Other qualitative data was also recorded, 
such as the difficulty experienced in tracking and balancing each blade. In addition, acoustic 
recordings were made to determine if the improved blades were quieter in operation.  
Due to the construction of the rotor head, considerable friction was present in the rotation of 
the grip. Therefore, the pitch link strain data was influenced by this friction load. 
Nevertheless, the data indicated that for the baseline and improved blades, under all pitch 
conditions, the torsional loads were nose-down. The magnitude of the nose-down moment for 
both blade types was in the order of -5 Nm, and remained relatively constant throughout the 
full collective pitch range. Since aerofoil sections were used that exhibit low pitching 
moments (Figure 4-20), a significant portion of this nose-down moment is due to the 
centripetal flattening moment. However, these nose-down torsional loads are low and indicate 
that pitch-flap instability is unlikely, as well as any significant error from dynamic blade 
twist. 
On one of the blade grips, two strain gauges were installed to measure the strain in the upper 
and lower tangs (Figure 6-22). This data provided an indicator of the centripetal and bending 
loads generated by the blades, and was used primarily as a safety measure while performing 
the experimental testing. Since the gauges were slightly influenced by the chordwise bending 
moments, only relative comparisons between the data can be made. The data recorded, as a 
function of thrust coefficient, is presented in Figure 6-23. 
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Figure 6-22 (a) lower grip strain gauge and (b) upper grip strain gauge 
When the blades were at flat pitch, the 2.25° of precone in the hub caused considerable 
negative flapwise bending moments. This is shown in Figure 6-23 by the fact that at low lift 
coefficient values, the load in the upper grip tang was considerably higher than in the lower 
tang. The centripetal force and chordwise bending moment gave equal loads in the upper and 
lower tangs, and therefore any difference between the strain values can be attributed to the 
flapwise bending moment. Due to the preconed hub, as the thrust level increased towards 
MTOW the positive flapwise bending moments should have reduced. The data in Figure 6-23 
supports this condition because at a thrust coefficient of 3.12x10
-3
 there was equal load in the 
upper and lower tangs for the improved blade. For the baseline blade, this would not have 
occurred until a thrust coefficient of 3.80x10
-3
. The difference between the two cross-over 
points indicates that for a given thrust coefficient, the flapwise bending moment was higher 
for the improved blade when compared to the baseline blade. This general behaviour is 
supported by the data presented in Figure 4-44 and Figure 4-45, which shows that at the 
critical design loads the improved blade has higher flapwise bending moments. 
This finding is potentially problematic for certifying the improved blades for use on the 
existing Kiowa OH-58A/C and Hiller UH-12E/L hubs. Since the bending moments have 
increased while the centripetal loads have been maintained (for autorotation performance), the 
loads that must be carried by the hub structure have increased. One possible solution is to 
limit the flight envelope by reducing the allowable g loading, such that the critical bending 
moments do not exceed those of the baseline blade. It is likely that only a marginal reduction 
in the flight envelope is required to address this issue. Alternatively, an optimisation study 
could be undertaken to minimise the flapwise bending loads by suitably adjusting the blade 
flapwise stiffness and rotational inertia. 
Lower strain gauge 
Upper strain gauge (a) (b) 
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Figure 6-23 Grip loads measured in the upper and lower tangs for the baseline and improved Mach scale composite blades
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The weight variance between blades (both baseline and improved) was found to be 
approximately 1%. This was mainly due to slight changes that were made during each layup 
based on analysis of the preceding blade. In general, each subsequent blade that was made 
was heavier. In the most extreme case, between the first and last improved blade, a weight 
difference of approximately 20 grams was recorded (2% weight difference). This issue was 
addressed by adding weight to the light blade such that the spanwise centre of gravity was 
matched, as well as the total blade weight. This problem is unlikely to be an issue in series 
production, where the manufacturing specification is fully defined. 
No problems were encountered in dynamically balancing either blade type. In both cases, no 
more than six runs were required to reduce vibration to within acceptable limits. Similarly, 
both blade types were found to initially be flying nearly perfectly in track with only minor tab 
adjustments required. The lack of problems experienced in flight testing was largely due to 
the blade alignment and static balancing that was carried out prior to testing, as well as the 
accurate profile, twist, and aerofoil geometries of each blade. 
No difficulty was experienced in fitting either lead-lag restraint system to either blade type, 
but the success of the design did rely heavily on the accuracy of the bushes and locators used 
in the construction. It can therefore be concluded that the unique lead-lag restraint system, 
developed as part of this research work, is tested and confirms the feasibility of a multi-
platform composite blade solution for the target aircraft. However, further work is required to 
assess the dynamic loadings in the lead-lag restraint system during forward flight. 
The interchangeability of the improved composite blade across the Kiowa and Hiller models 
is also dependent on the exact inertia requirements of each aircraft. The full-scale Hiller UH-
12E and Hiller UH-12L metal blades weigh 37 kg
16
 and 44.5 kg, respectively. Given that the 
Kiowa blade weighs 43 kg, it is likely that the rotational inertia of the Hiller UH-12L and 
Kiowa blades are similar, and therefore a multi-platform blade is certainly feasible for these 
two aircraft. However, if this blade were attached to the Hiller UH-12E, it is highly probable 
that excessive centripetal loads would be generated in the hub. Also, the Hiller UH-12E 
requires a shorter blade by approximately 150 mm. Both issues could theoretically be 
addressed with a 1.2 kg removable tip cap. Further investigations into the exact requirements 
of the Hiller UH-12E would be required to assess the feasibility of this solution. 
                                                 
16
 This weight is actually from the earlier Parsons blade (2253-1101-03/04). Since the later blade (53200-03) can 
be interchanged with the Parsons blade, it is likely that the weights are similar. 
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6.7.1 Acoustic Investigation 
A limited acoustic investigation was performed to determine if the improved blade 
demonstrated any measurable reduction in noise. It was expected that the improved blade 
should have reduced impulsive noise due to the reduced blade tip thickness. However, the 
influence of BVI and the resultant combined effects, made it unclear as to the expected noise 
level of either blade type. This investigation was initiated because observers on the ground 
noted that the improved blades „sounded different‟ to the baseline blades. 
Data was recorded using a video camera mounted on the roof of the vehicle approximately 1.6 
m below the rotor system and 1 m forward of the tip of the rotor disc. The testing conditions 
were essentially at flat pitch, with the rotor developing 45 kg of lift. A 35 second audio 
recording was taken with a sampling frequency of 44.1 kHz. The recording was converted 
into a WAV format and then analysed with MATLAB using a Fast Fourier Transform and an 
A-weighting filter as described by Lanman [121]. The response time was set to 2 ms to ensure 
the acoustics of each passing blade was represented in the dataset. A 250 ms data sample is 
shown in Figure 6-24, and represents five rotor revolutions and therefore ten blade passes. 
These passes can be observed as the peak decibel readings. The absolute decibel values are 
not indicative of the actual rotor noise, since the signal was not calibrated and includes the 
noise from the vehicle engine. 
 
Figure 6-24 Improved Mach scale blade audio recording for 5 rotor revolutions at flat pitch 
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The complete 35 second datasets for the baseline and improved blades are presented in Figure 
6-25 and Figure 6-26. As a general observation, the improved blades demonstrated a more 
constant signal level when compared to the baseline blades. This could have been due to the 
local wind levels at the time of recording, but care was taken to ensure the recordings were 
made under similar, low wind conditions. An alternative explanation is that the baseline 
blades were encountering a more noticeable BVI effect, and this was somewhat randomly 
altering the angle of attack conditions in the outer portions of the blade. BVI noise is often 
noted in forward flight descent conditions in which the tip vortices are pushed up into the 
TPP. However, as explained by Prouty [119], this effect can also occur in hover. It is possible 
that since the improved blade had a more inboard lift distribution (Figure 4-13), the strength 
of the tip vortices were reduced and therefore the BVI effect was also reduced. However, this 
does not necessarily mean the decibel level of the improved blades was lower than the 
baseline blade set. Indeed, no definitive conclusion could be made about which blade was 
quieter due to the large variance in the signal over time. While a limited attempt has been 
made to assess the acoustic performance of the Mach scale blades, a comprehensive acoustic 
analysis is beyond the scope of this research work. 
 
Figure 6-25 Baseline Mach scale blade audio recording over 35 seconds 
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Figure 6-26 Improved Mach scale blade audio recording over 35 seconds 
6.8 Conclusions 
The baseline and improved Mach scale composite blades were experimentally tested using a 
purpose built whirl rig and data acquisition system. While potentially significant sources of 
error were identified and assessed, the experimental results closely agree with the theoretical 
predictions of the aerodynamics hover model, thereby validating the model. Relative to the 
baseline blade, the results indicate that the improved blade has a significant hover 
performance advantage. 
However, Reynolds number effects proved to be an influential factor in the non-dimensional 
performance data. The predicted result is that the relative advantage of the improved 
composite blade will be reduced when the blade is scaled up onto the target aircraft. At the 
design point of 4000 ft and 35°C, hovering OGE will require 4.9% and 9.5% less power when 
the full-scale improved composite blades are installed on the Kiowa OH-58A/C and Hiller 
UH-12L, respectively. The research objective of designing an improved composite blade that 
gives a 5% reduction in power required to hover OGE at the design point, has nearly been 
achieved for the Kiowa OH-58A/C, and has been considerably exceeded for the Hiller UH-
12L. 
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The pitch link load data for the baseline and improved blades indicated a low, nose-down 
torsion moment, which is favourable for pitch-flap stability. However, the grip load data 
indicated that the improved blade had higher bending moments at the grips compared to the 
baseline blade. This, along with the exact rotational inertia requirements of the target aircraft, 
would require further investigation for the purposes of certification.  
Both lead-lag restraint systems were successfully tested and confirm the feasibility of a multi-
platform composite rotor blade. However, further testing under forward flight conditions is 
required to assess the influence of dynamic loading. Finally, no definitive conclusions could 
be made about the acoustic recordings of the baseline and improved blades, except that the 
improved blade appeared to have a more constant noise level when compared to the baseline 
blade. The next chapter covers the major issues related to composite blade certification, which 
would need to be considered if a full-scale version of the improved composite blade were to 
be developed. 
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CHAPTER 7 
COMPOSITE BLADE CERTIFICATION 
Abstract 
 
This chapter presents a brief review of the certification requirements for aeronautical products 
in Australia. Avenues for certification of helicopter composite rotor blades are given, and the 
most applicable and appropriate method is identified to be a Supplementary Type Certificate 
(STC). The salient features of the STC process are discussed, followed by identification of the 
certification basis and applicable regulations for the blades considered in this MEng project. 
Once an STC is granted by CASA, the composite blades must be manufactured under a 
Production Certificate (PC) or Australian Parts Manufacturing Approval (APMA). Both 
avenues are explored and central to both systems is a stringent quality control process.  
7.1 Certification and Airworthiness Requirements 
While the results of this research work indicate that a multi-platform composite blade is a 
feasible upgrade solution for the Kiowa OH-58A/C and Hiller UH-12E/L, a full-scale solution 
would be subject to federal safety regulations. It is therefore important to review the standards 
and regulations to which full-scale blades must be designed and manufactured in order to 
achieve certification. To determine the regulations that are applicable, the certification process 
for civil aeronautical products in Australia is considered. 
Overall design requirements stem from the regulations that CASA has developed for 
Australian aircraft. Certification procedures for Australian aircraft, engines, propellers and 
parts, are all described within CASR Part 21. It is worthwhile noting that the FAR definition 
of a „propeller‟ excludes helicopter main and auxiliary rotors, meaning that helicopter 
composite rotor blades are treated in the regulations as simply a „part‟. This is significant 
because propellers must comply with the stringent requirements of FAR Part 35 or the 
European Aviation Safety Agency (EASA) CS-P regulations. 
The first avenue available for designing, manufacturing and installing blades is to engage an 
Authorised Person (AP) to make to the approval under Civil Aviation Regulation (CAR) 36, 
which provides an approval of aircraft components for use as replacements. The major 
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advantage of this type of approval is that a Production Certificate (PC) or an Australian Parts 
Manufacturing Approval (APMA) is not required to manufacture the blades. The major 
disadvantage is that a CAR 36 Engineering Order must be awarded to each aircraft that uses 
the blades and the manufacturer cannot stockpile the blades. 
The second and most appropriate avenue for certifying composite blades is by applying for a 
Supplementary Type Certificate (STC) in accordance with CASR subpart 21.E. An STC will 
approve the design and installation of the rotor blades on the target aircraft to which the STC 
was specified. To be eligible for an STC, according to CASR subpart 21.101, the applicant 
must demonstrate that the change in the type design adheres to the applicable regulations 
defined in the certification basis. This is done by submitting a compliance summary, which 
details the applicable regulation to which the design adheres. Then, the applicant must allow 
CASA to make any inspections and tests required in order to determine that the blades do in 
fact comply with the regulations (CASR subpart 21.033). Next, the applicant must submit to 
CASA a statement of conformity, describing that the manufactured blades adhere to the 
design data and CASR subpart 21.033. Finally, documentation supplements must be provided. 
To summarise, the certification process follows a standard procedure:  
 Establish the certification basis. 
 Present a compliance summary. 
 Check the test article for conformity to the type design – statement of conformity. 
 Provide documentation supplements such as instructions for continuing airworthiness. 
7.1.1 Certification Basis 
The Kiowa OH-58A aircraft is included in Type Certificate Data Sheet (TCDS) No. H2SW 
and complies with CAR 6 dated 20
th
 December, 1956 inclusive of amendments 6-1 through 6-
4, and CAR 6.307(b) and 6.637 of amendment 6-5. The Hiller was type certified on the 6
th
 of 
January, 1959 according to CAR 6 dated 20
th
 December, 1956 inclusive of amendments 6-1 to 
6-3. This certification basis is found in TCDS No. 4H11. Amendments 6-1 through 6-3 of 
CAR 6 are not applicable to the rotor design, and only minor considerations are necessary 
from amendment 6-4 and 6-5. As such, CAR 6 forms the baseline certification basis, and 
therefore the minimum regulatory requirements for designing main rotor blades for the Kiowa 
OH-58A/C and Hiller UH-12E/L. 
Composite Blade Certification 
249 
In Australia, unless CASA suggests otherwise, the certification basis for an STC can be the 
basis of the Type Certificate (TC), in this case CAR 6. However, in the American FAA 
system the default certification basis is the current regulations. From a business perspective it 
is advantageous to produce an STC such that it can eventually be sold into America, and 
therefore it is good practice to design the product to the latest regulations, even if it is not 
required by CASA. Unfortunately, the bilateral agreement between CASA and the FAA is 
such that while Australia directly accepts all of America‟s STCs, an application process is 
required for America to accept Australian TCs, STCs and APMAs. 
7.1.2 Applicable Regulations 
With the certification basis defined, the applicable regulations for producing rotor blades can 
be specified. The ensuing design must comply with each of the regulations except where an 
equivalent level of safety can be demonstrated. In the interests of designing a composite blade 
that can be sold into America, the blades should be designed where possible to the current 
regulations. For new helicopters operating in the normal category (MTOW ≤ 7,000 lbs and ≤ 
9 seats), which includes the target aircraft of this research work, the relevant Australian 
regulations are found in CASR Part 27. These regulations direct to FAR Part 27 or EASA CS-
27 requirements. Some examples of key FAR regulations applicable to rotor blade design 
include: 
 FAR 27.547 – Main rotor structure  
 FAR 27.337 – Limit manoeuvring load factor 
 FAR 27.661 – Rotor blade clearance 
 FAR 27.571 – Fatigue evaluation of flight structure 
 FAR 27.610 – Lightning and static electricity protection. 
While compliance must be demonstrated for all applicable regulations, little guidance is 
provided as to what constitutes an acceptable compliance strategy, particularly with respect to 
composite structures. One exception is the FAA Advisory Circular (AC) 20-107B. As an AC, 
it is only guidance material and is not mandatory or regulatory. However, it does provide an 
indication of the level of analysis and testing required to certify a composite aircraft 
component. This AC covers material and fabrication development, proof of structure, 
continued airworthiness, and additional considerations such as lightning protection. The AC 
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discusses in the „building block‟ approach for static proof of structure testing as represented in 
Figure 7-1 for a helicopter tail rotor blade. This approach involves testing the strength of 
representative composite structures during various stages of the blade development.  
 
Figure 7-1 AC 20-107B building block approach for static proof of structure testing 
7.1.3 Manufacturing Approvals 
Before the blades can be manufactured under an STC, a PC (covered in CASR subpart 21.G) 
or APMA (CASR subpart 21.K) must be obtained. These two regulatory avenues have a 
number of similarities, including the requirement for certain inspection, test and quality 
control procedures, to demonstrate the manufactured article conforms to the product design. A 
PC can be used to manufacture Class I, II and III products. Class I products include complete 
aircraft, engines and propellers. Class II products include major components of Class I 
products, and since propellers are exclusive to fixed-wing aircraft, main rotor blades are 
classified as a Class II product. A Class II product design must include sufficient data to fully 
describe the part (engineering drawings and specifications etc.) as well as data for 
manufacturing the part. 
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To be issued a PC, the applicant must establish a quality control system to ensure the 
manufactured products conform to the product design. The applicant must also have CASA 
approve a manual describing the inspection and test procedures that are necessary to ensure 
the parts are safe for operation and conform to the Class II product design. The regulations 
governing the quality control systems are extensive and thorough. 
An APMA can be used to produce replacement parts that are installed on an aircraft, engine or 
propeller. According to the regulations, main rotor blades are considered a „part‟ and 
therefore, by definition, are suited to an APMA. This avenue does not require the level of 
inspection, test and quality control procedures that are demanded for a PC. To be issued an 
APMA, the applicant must make the necessary inspections and tests to ensure the blades 
comply with the applicable regulations, materials conform to the design specification, parts 
adhere to the design drawings, and the fabrication process is in accordance with the design. 
Central to the APMA approval is a fabrication inspection system that ensures each part 
conforms to the design data and is safe for operation. This inspection system must be 
documented and includes some of the features from the PC quality control regulations.  
7.2 Conclusions 
In producing a full-scale composite blade for the Kiowa OH-58A/C and Hiller UH-12E/L, the 
design must comply with the applicable certification basis regulations in order for the blades 
to become a certified product. The blades considered in this MEng project must at least 
conform to the CAR 6 regulations, but should ideally be designed to the current CASR Part 
27 regulations to simplify the process of exporting the blades into America. 
 
In Australia, civil helicopter replacement parts are certified under CASR Part 21 or by an AP 
under CAR 36. The most applicable and appropriate method for certifying composite rotor 
blades is under an STC. The STC process involves defining the certification basis, presenting 
a compliance summary and statement of conformity, and providing additional documentation 
such as instructions for continuing airworthiness. Once an STC is granted, the blades can be 
manufactured using a PC or APMA, both of which require inspection, test and quality control 
processes. A PC is a more complex and demanding approval when compared to an APMA, 
and is the only avenue available for producing fixed-wing propellers. However, because 
helicopter blades are strictly defined as a „part‟, an APMA approval is sufficient. 
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CHAPTER 8 
CONCLUSIONS 
The purpose of this MEng project was to design, manufacture and experimentally test a multi-
platform Mach scale composite blade that is a representative solution for replacing the metal 
blades on the Kiowa OH-58A/C and Hiller UH-12E/L helicopters. All of the research 
objectives, outlined at the beginning of this MEng thesis, have been achieved with the 
following outcomes. 
8.1 Numerical Modelling and Analysis Tools 
The first research outcome was the development of coupled aerodynamic, structural and 
dynamic numerical modelling and analysis tools, to facilitate composite blade design. These 
models were developed by the author, implemented in MATLAB R2007a, and where possible 
were validated against published data or experimental testing results.  
The models were linked together using a common dataset which minimised data entry 
requirements and provided the basis for performance comparisons between different blade 
geometries and operating conditions. The aerodynamics model addressed both hover and 
trimmed forward flight conditions using a modified BEMT approach. A 2-D compressible 
viscous flow model was incorporated through the use of a Perl script interface with XFoil to 
calculate local aerofoil performance. This ensured accurate treatment of the local Reynolds 
number and Mach number effects. The hover component of the aerodynamics model was 
found to produce performance data that closely matched the experimental testing results from 
the baseline and improved Mach scale blades, and is therefore considered valid. 
The structures model analysed the blade mass and stiffness properties using simple beam 
theory and cross-sectional analysis. These outputs were compared to a SolidWorks 2007 blade 
model and validated against results from static blade deflection tests. The structures model 
also computed blade stresses in each cross-sectional element using the Tsai-Hill failure 
criterion. The location of the critical stress within each cross-section was identified, along 
with its associated margin of safety. 
Conclusions 
253 
Finally, the dynamics model analysed both free and forced blade response, using an extended 
Myklestad theory with fully coupled modes. The free response component provided blade 
natural frequencies and mode shapes, while the forced response component predicted blade 
loads from specified loading conditions. These loading conditions could encompass both 
hover and forward flight load profiles such that the critical load cases were appropriately 
represented. The free and forced response dynamics outputs were validated against theoretical 
data published by Brogdon [61]. 
8.2 Design, Manufacture and Testing of an Improved Composite 
Blade 
The second research objective was to design an improved composite blade, suitable for the 
Kiowa OH-58A/C and Hiller UH-12E/L, which gives a 5% reduction in power required to 
hover OGE at 4000 ft and 35°C. In pursuing this, baseline and improved Mach scale 
composite blades were designed, manufactured and experimentally tested. The blades were 
designed using the numerical modelling and analysis tools developed in this research work, 
and were manufactured using two variants of the In-Mould Pressing process. The blades were 
then tested using a purpose built whirl rig.  
The blade manufacturing methods that were developed in this MEng project were based on 
the In-Mould Pressing process, which is widely used in industry to produce composite rotor 
blades. For this study, two variants of In-Mould Pressing were investigated. The baseline 
blades were produced using a two-step process whereby the spar was manufactured first and 
was subsequently bonded to the afterbody of the blade. The improved blades were 
manufactured using a one-shot process whereby the entire blade was laid up and cured in a 
single step. This latter method, while requiring a more complex layup, was the preferred 
manufacturing technique since it required fewer moulds and halved the manufacturing time. 
To facilitate the In-Mould Pressing process, a press and spar fibre cutter were constructed. 
Also, mass cast moulds, suitable for In-Mould Pressing, were designed and manufactured for 
each blade type, and the tool halves were CNC machined to provide an accurate 3-D blade 
profile. In total, six Mach scale composite rotor blades were successfully manufactured, four 
of which were used for flight testing. 
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The baseline and improved Mach scale composite blades were tested on a whirl rig that was 
designed and manufactured by the author. The rig featured a geometrically scaled Kiowa OH-
58A/C teetering hub, with the facility of an integral or drag strut lead-lag restraint system. The 
rig also included data acquisition circuitry for amplifying, filtering, digitising and wirelessly 
transmitting the various strain gauge signals from the stationary and rotating reference frames. 
Using this data acquisition system, the lift, torque, grip loads, pitch link loads and local air 
density values were recorded for the Mach scale blades throughout the full collective pitch 
range. The experimental results were found to closely agree with the theoretical predictions of 
the aerodynamics hover model, and show that the improved blade has a significant 
performance advantage over the baseline blade design. 
The aerodynamics hover model was used to predict the full-scale aerodynamic performance 
of the baseline and improved composite blades. At the design point of 4000 ft and 35°C, 
hovering OGE is predicted to require 4.9% and 9.5% less power when the improved 
composite blades are installed on the Kiowa OH-58A/C and Hiller UH-12L, respectively. The 
research objective of designing an improved composite blade that gives a 5% reduction in 
power required to hover OGE at the design point, has nearly been achieved for the Kiowa 
OH-58A/C, and has been considerably exceeded for the Hiller UH-12L. 
8.3 Multi-Platform Composite Blade Design 
Another significant outcome of this research work was the development of a unique lead-lag 
restraint system that is capable of interfacing with an integral latch bolt or drag strut hub 
configuration. With respect to the target aircraft, this innovative chordwise restraint system is 
the key for a multi-platform blade solution. 
The blade interfaced with the integral latch bolt system through the use of a steel fork that was 
installed inside the root of the blade, between the upper and lower spar caps. The fork was 
restrained at the blade bolt hole and at a second outboard pin hole. The cuff of the fork 
interfaced with the latch bolts in the normal manner, and facilitated sweep adjustment of the 
blade. For the drag strut system, a boomerang shaped composite laminate was installed within 
the blade. Again, the blade bolt hole and outboard pin hole were used to restrain the 
boomerang, and a third hole in the outboard arm of the boomerang was used to interface with 
the drag strut.  
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The steel fork and composite boomerang were successfully tested in the laboratory, and were 
subsequently used for the experimental hover testing. Both systems allowed for simple sweep 
adjustments and performed equally well during testing, confirming the feasibility of a multi-
platform composite rotor blade. However, further testing is required to represent the dynamic 
loading conditions from forward flight. 
8.4 Conclusions 
These research outcomes have contributed to the understanding of composite blade design, 
manufacture and experimental testing. A particularly novel outcome was the development of a 
unique lead-lag restraint system that will allow the improved composite blade to be installed 
on multiple aircraft types. In conclusion, a multi-platform composite blade has been 
successfully developed and is suitable for replacing the aluminium rotor blades of the Kiowa 
OH-58A/C and Hiller UH-12E/L helicopters. Furthermore, the improved composite blade has 
been theoretically and experimentally shown to provide a significant hover performance 
improvement, and stress analysis results suggest that the composite blade will have an 
extended service life in comparison to the aluminium blades of the target aircraft. 
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APPENDIX A 
DYNAMICS FORMULA DEVELOPMENT 
The recursion formula used to relate the deformations and loads between blade stations is 
developed as follows where aij and dij are coefficients of the deformations and loads 
respectively. All terms on the left hand side of Eq. A.1 through A.11 relate to the n
th
 station 
and those on the right to the (n+1)
th
 station. The reference system used is as per Figure 3-13 
through Figure 3-16. 
The flapwise shear force relationship between elements is defined as: 
   
             
      
  (A.1) 
where S represents shear force, Y is the flapwise deflection and Ø
T
 is the blade twist. The 
flapwise moment relation is given by: 
   
       
             
       
         
      
          (A.2) 
where M is the moment and θ represents slope. Superscripts of E and F refer to edgewise 
(chordwise) and flapwise respectively. Similarly the flapwise slope relation can be defined as: 
   
         
         
         
         
         
 
        
         
  
(A.3) 
and the flapwise deflection as: 
           
         
         
      
         
         
 
        
         
  
(A.4) 
In a similar manner the edgewise or chordwise shear force, moment, slope and deflection can 
be found: 
   
       
       
      
  (A.5) 
Appendix A 
269 
   
       
       
             
 
        
      
          
(A.6) 
 
   
         
         
         
         
         
 
        
         
  
(A.7) 
 
           
         
         
         
         
 
        
              
  
(A.8) 
The blade twist can be defined as: 
   
         
         
      
          
  (A.9) 
and the torsional moment is defined as: 
   
               
        
               
  (A.10) 
These formulas (Eq. A.1 to A.10) can be represented in matrix form as: 
                       (A.11) 
where the coefficient matrices are defined as: 
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(A.13) 
and where [B] is a matrix of boundary forces and deformations: 
 
   
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
  
 
  
  
 
  
 
  
 
  
  
  
  
 
 
 
 
 
 
 
 
 
 
                          
 
 
 
 
 
 
 
 
 
 
 
 
    
 
    
 
    
 
    
    
 
    
 
    
 
    
    
    
  
 
 
 
 
 
 
 
 
 
 
 
 (A.14) 
The constants in the coefficient matrices are defined from engineering mechanics with respect 
to the coordinate system shown in Figure 3-13 through Figure 3-16. The parameters given in 
Eq. A.13 are defined as: 
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The coefficients of Eq. A.12 are given as: 
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where w is the assumed natural frequency, I is the blade moment of inertia in the given 
coordinate system, T is the centripetal load, r is the centre of gravity offset from the pitch 
axis, m is the mass of a blade section and TΦΦ is the centripetal flattening effect as per: 
                   
       
                    (A.15) 
where θ  is the local blade element twist, and Ibb and Icc are the beamwise and chordwise mass 
moments of inertia. Also, the term Cn in the [A] matrix represents flapwise aerodynamic 
damping, but it was set to zero because Weller and Mineck [78] did not include this term. 
The force and moments caused by the centripetal force acting through a centre of gravity that 
is offset from the pitch axis, are defined as: 
     
        
   
     
                                         
     
           
   
     
                                  
     
                                            
   
     
 
(A.16) 
where N is the number of elements that reside between the final and current blade element 
(i.e. the force and moment values are cumulatively summed). Since the structures model 
computes blade stiffness in terms of the local blade axis system, as shown for the tennis-
racquet-effect term (Eq. A.15), these values need to be translated into the hub axis system by 
consideration of the local blade element twist. Firstly, the centre of gravity offset can be 
translated according to the axis system shown in Figure 3-17: 
                           
                           
(A.17) 
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The chordwise centre of gravity offset rc must be positive when forward of the quarter-chord 
and the vertical offset rb must be positive when below chord-line (consistent with Bennett 
[79]). After the translation, rx is positive forward of the quarter-chord and ry is positive above 
the chord-line. The blade stiffness data can also be translated to the hub reference axis 
according to: 
 
       
 
        
      
 
        
      
 
  
 
       
 
        
      
 
        
      
 
 
       
  
 
      
 
 
      
                  
(A.18) 
Finally, the mass moments of inertia can be translated by: 
                
             
                    
                 
             
                    
     
                                      
 
 
(A.19) 
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APPENDIX B 
HILLER UH-12L HOVER PERFORMANCE AND FAN PLOTS 
The hover performance of the baseline and improved Mach scale blades for the Hiller UH-
12L was compared OGE at the design hover point of 4000 ft and 35°C. The improved Mach 
scale blade is predicted to require 11.4% less power to hover at the design point and 12.2% 
less power at sea level ISA. Relevant performance plots are presented in Figure B-1 through 
Figure B-12. 
Presented in Figure B-13 through Figure B-15 are the Hiller UH-12L free response fan plots 
for the improved Mach scale blades. The three fan plots are for collective, cyclic and scissor 
mode boundary conditions. In most cases across the operating RPM range, the improved 
blade natural frequencies are sufficiently separated from integer multiples of blade RPM. 
Some exceptions do exist at the higher frequencies where the rotor RPM is below normal. The 
effect of these higher mode resonant conditions is difficult to predict, and would need to be 
evaluated through flight testing. 
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Figure B-1 Predicted lift distribution for the Hiller UH-12L 
 
Figure B-2 Predicted induced velocity for the Hiller UH-12L 
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Figure B-3 Predicted bound circulation distribution for the Hiller UH-12L 
 
Figure B-4 Predicted operating efficiency for the Hiller UH-12L 
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Figure B-5 Predicted angle of attack distribution for the Hiller UH-12L 
 
Figure B-6 Predicted lift coefficient for the Hiller UH-12L 
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Figure B-7 Predicted centre of pressure distribution for the Hiller UH-12L 
 
Figure B-8 Predicted moment coefficient for the Hiller UH-12L 
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Figure B-9 Predicted profile power distribution for the Hiller UH-12L 
 
Figure B-10 Predicted induced power distribution for the Hiller UH-12L
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Figure B-11 Predicted hover performance of the Hiller UH-12L at 4000 ft and 35°C 
 
Figure B-12 Predicted hover performance of the Hiller UH-12L at sea level ISA 
Appendix B 
281 
 
Figure B-13 Calculated collective mode fan plot for the improved Hiller UH-12L Mach scale 
blade 
 
Figure B-14 Calculated cyclic mode fan plot for the improved Hiller UH-12L Mach scale 
blade 
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Figure B-15 Calculated scissor mode fan plot for the improved Hiller UH-12L Mach scale 
blade 
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APPENDIX C 
STRESS ANALYSIS RESULTS 
Presented in Figure C-1 through Figure C-6 are the margin of safety plots for both the 
baseline and improved Mach scale composite blades for the non-critical loading conditions. 
Data for the critical case (load case 2) is presented in Section 4.4.10. In all cases, the 
composite blades demonstrate positive margins of safety across the entire blade span. Due to 
the extensive knock-down factors applied to the material allowables (Section 4.4.1), and the 
superior fatigue performance of carbon/epoxy structures, it is likely that the composite blades 
will have an extended service life when compared to the metal blades of the target aircraft.
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Figure C-1 Predicted margin of safety distribution – Load case 1 for the baseline Mach scale blade  
 
Figure C-2 Predicted margin of safety distribution – Load case 1 for the improved Mach scale blade  
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Figure C-3 Predicted margin of safety distribution – Load case 3 for the baseline Mach scale blade  
 
Figure C-4 Predicted margin of safety distribution – Load case 3 for the improved Mach scale blade 
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Figure C-5 Predicted margin of safety distribution – Load case 4 for the baseline Mach scale blade  
 
Figure C-6 Predicted margin of safety distribution – Load case 4 for the improved Mach scale blade  
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